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Abstract
For future nuclear reactor generations like Generation IV or ADS (Accelerator-
Driven-Systems) it is necessary to know physical properties of present and future
fuel materials. As some concepts are based on fast neutrons, fast neutron induced re-
actions need to be well understood, in particular their cross-sections. In the course
of this diploma thesis cross-sections of fast neutron induced reactions on natural
uranium and thorium were measured. Samples with 50-200 mg of Th (100% 232Th)
and U (99.27% 238U, 0.72% 235U, 0.01% 234U) where irradiated at IRMM (Institute
for Reference Materials and Measurements) in Geel, Belgium with fast neutrons
(energies between 17 and 22 MeV). (n,xn), (n,γ) and (n,α) reactions were investi-
gated. For these reactions no AMS (Accelerator Mass Spectrometry) measurements
were performed so far. AMS measurements for the following reactions were per-
formed at VERA (Vienna Environmental Research Accelerator) at the University of
Vienna: 238U(n,3n)236U, 232Th(n,γ)233Th, 232Th(n,2n)231Th, 232Th(n,4n)229Th and
232Th(n,α)229Ra. From the measured isotope ratios together with the neutron flu-
ence, cross-section data for these reactions were calculated. On parts of the irra-
diated samples, chemical treatment was performed after the neutron activation, to
separate the elements.
The second part of this diploma thesis deals with activations of 14-MeV neutrons
produced at the neutron generator at TUD (Neutron Laboratory TU Dresden). For
the fusion project ITER (International Thermonuclear Experimental Reactor) nu-
clear data for construction materials are required; this includes Ni and Fe. They
form, during irradiation with fast neutrons, long-lived radionuclides which con-
tribute to the long-lived radioactive waste of ITER. Reactions investigated were
56Fe(n,2n)55Fe, 58Ni(n,α)55Fe and 54Fe(n,2n)53Fe. The focus in this part of the the-
sis was on the neutron irradiation, i.e. on the determination of the time-integrated
neutron flux and the neutron energy during the irradiation.
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Kurzfassung
Fu¨r zuku¨nftige Reaktorgenerationen wie ”Generation IV” oder ADS (Accelerator-
Driven-Systems) ist es von Bedeutung, physikalische Eigenschaften von gegenwa¨rtigen
und von mo¨glichen zuku¨nftigen Brennmaterialien zu kennen. Da manche Konzepte
auf schnellen Neutronen basieren, ist es notwendig schnelle neutroneninduzierte
Reaktionen zu studieren, insbesonders deren Wirkungsquerschnitte. In dieser Diplo-
marbeit wurden Wirkungsquerschnitte von Neutronen-induzierten Reaktionen an
natu¨rlichem Uran und Thorium gemessen. Dafu¨r wurden Proben von Th (100%
232Th) und U (99.27% 238U, 0.72% 235U, 0.01% 234U, in Spuren 236U) mit 50-200
mg am IRMM (Institute for Reference Materials and Measurements) in Geel mit
schnellen Neutronen (17-23 MeV) beschossen. Es wurden (n,xn), (n,γ) und (n,α)
Reaktionen betrachtet. Fu¨r diese Reaktionen existieren bisher keine AMS (Accelera-
tor Mass Spectrometry) Messungen. Die AMS-Messungen der folgenden Reaktionen
wurden an der Anlage VERA (Vienna Environmental Research Accelerator) in Wien
durchgefu¨hrt: 238U(n,3n)236U, 232Th(n,γ)233Th, 232Th(n,2n)231Th, 232Th(n,4n)229Th
and 232Th(n,α)229Ra. Aus dem gemessenen Isotopenverha¨ltnis zusammen mit der
Neutronenfluenz la¨sst sich der Wirkungsquerschnitt berechnen. Teile der bestrahlten
Proben wurden fu¨r die Messung nach der Neutronenaktivierung chemisch bearbeitet,
um die interessanten Isotope abzutrennen.
Ein anderer Teil dieser Diplomarbeit bescha¨ftigt sich mit der Neutronenaktivierung
mit 14-MeV Neutronen am Neutronengenerator am TUD (Neutronen Laborato-
rium TU Dresden). Fu¨r das Fusionsprojekt ITER (International Thermonuclear
Experimental Reactor) werden kernphysikalische Daten fu¨r Konstruktionsmateri-
alien, z. B. Ni und Fe, beno¨tigt. Bei Bestrahlung mit schnellen Neutronen bilden
sich insbesonders langlebige Radionuklide, die zum langlebigen, radioaktiven Abfall
von ITER beitragen. Untersucht wurden hierfu¨r die Reaktionen 56Fe(n,2n)55Fe und
58Ni(n,α)55Fe, aber auch 54Fe(n,2n)53Fe. In diesem Teil der Diplomarbeit lag der
Fokus auf der Neutronenbestrahlung, also auf der Bestimmung des zeitintegrierten
Neutronenflusses und auch der Energie wa¨hrend der Bestrahlung.
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1. Introduction
1.1. Nuclear reactions
When particles pass through matter they can react with the electron shell of the
atoms of the material and with the nucleus of these atoms. In this diploma thesis
we focus on nuclear reactions between incoming particle and target nucleus. Such a
nuclear reaction can be written as
A + a→ B + b + Q or A(a, b)B (1.1)
where
A is the target nucleus,
a the incoming projectile,
B the final nucleus,
b the ejectile and
Q is the Q-value, which is the amount of energy released or consumed by the
reaction (cf. section 1.2).
Particles A and a form the entrance channel, B and b represent the exit channel.
Nuclear reactions can be classified according to the time scale of the reaction [Segre´,
1977], [Friedmann]:
- A compound reaction happens when two particles meet and form a com-
bined nucleus. The newborn ‘compound nucleus’ is highly excited and decays.
The kinetic energy of the entrance particles distributes statistically among the
compound nucleons. The exit channel is independent of the entrance channel;
in other words the end product has no memory of its formation process. The
reaction time is between 10−19 and 10−15 s. The spectrum has an isotropic an-
gular distribution in the CMS (center of mass system) and a nearly Maxwellian
distribution of velocities of the particles in the exit channel.
- In a direct reaction a projectile interacts with a target and still has enough
energy to leave the nucleus. This takes 10−23 to 10−22 s, which is the time
the projectile needs to pass through the target nucleus. The mechanism shows
strong angular dependence in forward direction.
- Between the two mentioned above extremes the so-called preequilibrium
reaction exist. A reaction is called so if a nucleus is formed, but emits particles
before reaching the thermal equilibrium.
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1.2. Q-value, threshold and cross-section
Q-value
The Q-value of a reaction (see equation (1.1)) is the mass difference of the involved
particles before and after the reaction, multiplied by c2 [Segre´, 1977].
Q = (mA +ma −mB −mb)c2 (1.2)
A positive Q-value means a reaction is exothermic, in other words binding energy will
be transformed into kinetic energy of the outgoing particles b and B; if Q is negative,
energy is needed (endotherm reaction). Q = 0 for elastic scattering [Bethge, 1996].
Threshold
The minimum energy T needed for an endothermic reaction is called threshold
energy [Bethge, 1996]:
T = −Q mB +mb
mB +mb −ma (1.3)
Cross section
The cross-section σ is an important factor for nuclear physics. It describes the
probability for an interaction between two particles, it has the dimension of an area.
There are many different types of cross-sections, according to the reaction that takes
place. Generally speaking, the number of nuclei N produced per second is
N = ϕX0σ (1.4)
with
ϕ is the number of projectiles crossing the target per sec per cm2, stated as particle
flux [cm−2 s−1],
X0 is the number of target nuclei,
σ is the cross-section [cm2].
For the explanation of σ the geometrical cross-section σg is helpful. Figure 1.1
shows the side and the top view of a cuboid with area A and thickness d. For
the incident particles an area of X0σg is covered with X0 material particles. If one
assumes the nuclei are spherically with radius r, then the target area of a particle is
the projection σg = pir
2. The probability to hit at least one particle in the material
is X0σg/A. In figure 1.1 the top and side view are shown. [Segre´, 1977],[Bethge,
1996].
2
1.2. Q-value, threshold and cross-section
-
-
-
-
-
-
-
-
-ﬀd
d dddd dd dd d dd d
d d
d dd
d
dd
d dd ddd
dddd ddddd
dd dd d d   A
Figure 1.1.: The definition of the cross-section, side and front view [Bethge, 1996].
Analogous to the geometrical cross-section, one defines the total cross-section for
any kind of reaction
σtot =
number of reactions per unit time
number of incident particles per unit time·number of target particles per unit area (1.5)
The unit for the cross-section is given in barns: 1 b = 10−24 cm2. The cross-section
σ(Ea) as a function of the energy (of the projectile a) is called excitation function
[Povh et al., 1994].
3

2. Neutron activation at TUD
At the neutron generator at TUD (Neutron Laboratory TU Dresden) a series of dif-
ferent samples (54Fe, 58Ni, ...) were irradiated with 14-MeV neutrons. The neutron
fluence and the corresponding neutron energies during activation were determined
with niobium and zirconium foils. The AMS measurement at VERA (Vienna Envi-
ronmental Research Accelerator) for measuring long-living reaction products is not
part of this thesis.
2.1. DT neutron activation
Neutron activations of different samples were performed at the DT (deuterium-
tritium) neutron generator at TUD: quasi-monoenergetic neutrons with about 14
MeV energy can be produced with the reaction T(d,n)4He (see appendix A.2). A
duoplasmatron ion source produces d+ ions with ∼300 keV which are accelerated
with a Cockcroft-Walton accelerator to a maximum energy of 320 keV (the maxi-
mum theoretical ion current is 10 mA). The d+ ion beam hits a TiT target, a “disc
made of copper vaporized with Ti and 30 Ci tritium”([Lederer, 2008]). A maximum
of 1012 n/s can be produced at TU Dresden in such a reaction [Lederer, 2008].
In the experimental setup the samples were fixed at different positions to an alu-
minium ring. Figure 2.1 shows the setup next to the neutron producing TiT target.
A few short-time irradiations of circa 30 min each and one long-time irradiation of
almost 12 h were performed. Together with the above mentioned samples, zirconium
(Zr) and niobium (Nb) monitor foils were exposed to the neutrons for the determi-
nation of the neutron fluence and the neutron energy (see section 2.2). In table 2.1
and 2.2 the various samples are listed, together with their Zr and Nb monitor foils,
their irradiation position and their irradiation time.
During neutron irradiation the air in the neutron generator hall gets activated.
Therefore one can not enter the hall immediately after the irradiation. For the
short-time irradiated 54Fe samples it was important to perform decay measurement
as soon as possible, because the interesting radionuclide, 53Fe, decays with a half-life
of 8.5 min [NNDC, 03.10.2011]. A pneumatic delivery-system was used to transport
the samples quickly out of the generator hall after the activation. The samples were
fixed on a cylindric piece of polystrine, which was transported after each irradiation
through a tube by means of a pneumatic system. Hence, the time between activa-
tion end and start of the decay measurements could be kept below 3 minutes.
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Figure 2.1.: Irradiation positions along the aluminium ring at the neutron generator
at TUD. This setup was used for the long-time irradiation. The reaction
T(d,n)4He produces ∼14 MeV neutrons. Some samples in quartz glass
are attached perpendicular to the Al ring, in-between the plastic tubes.
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Irradiation Position Sample arrangement, listed are main nuclides Irr. time [s]
1 0 ◦ 93Nb 54Fe 93Nb 90Zr 93Nb 90Zr 1640
2 45 ◦ 93Nb 54Fe 93Nb 90Zr 93Nb 90Zr 1900
3 30 ◦ 93Nb 54Fe 93Nb 90Zr 93Nb 90Zr 1610
4 60 ◦ 93Nb 54Fe 93Nb 90Zr 93Nb 90Zr 1240
Table 2.1.: Samples and monitor foils used during the short-time irradiation together
with the irradiation time. The main nuclides (93Nb, 90Zr and 54Fe) are
listed. The neutrons hit the sample stack from the left. The different
positions along the beam are shown in figure 2.1.
Position Sample arrangement, listed are main nuclides
0 ◦ 93Nb 56Fe 93Nb 39K 93Nb 90Zr 93Nb 90Zr
17 ◦ 93Nb 56Fe 93Nb 58Ni 93Nb 90Zr 93Nb 90Zr
30 ◦ 93Nb natNi 93Nb 90Zr 93Nb 90Zr
45 ◦ 93Nb 56Fe 93Nb 90Zr 93Nb 90Zr
60 ◦ 93Nb 56Fe 93Nb 90Zr 93Nb 90Zr
75 ◦ 93Nb 39K 93Nb 90Zr 93Nb 90Zr
90 ◦ 93Nb natNi 93Nb 90Zr 93Nb 90Zr
105 ◦ 93Nb 58Ni 93Nb 90Zr 93Nb 90Zr
120 ◦ 93Nb 39K 93Nb 90Zr 93Nb 90Zr
130 ◦ 93Nb natNi 93Nb 90Zr 93Nb 90Zr
0 ◦-30 ◦ 93Nb 14N 93Nb 90Zr 93Nb 90Zr
17 ◦-45 ◦ 93Nb 13C 93Nb 90Zr 93Nb 90Zr
30 ◦-60 ◦ 93Nb 13C 93Nb 90Zr 93Nb 90Zr
45 ◦-75 ◦ 93Nb 14N molecule 93Nb 90Zr 93Nb 90Zr
75 ◦-105 ◦ 93Nb 14N 93Nb 90Zr 93Nb 90Zr
60 ◦-90 ◦ 93Nb 14N molecule 93Nb 90Zr 93Nb 90Zr
90 ◦-120 ◦ 93Nb quartz glass 93Nb 90Zr 93Nb 90Zr
Table 2.2.: Samples and monitor foils at the different positions during the long time
irradiation (42610 s). The neutrons hit the sample stack from the left.
The different positions along the beam are shown in figure 2.1. Natural
Ni consists of five isotopes (58Ni 68.1%, 60Ni 26.2%, 61Ni 1.2%, 62Ni 3.6%
and 64Ni 0.9%).
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For the long-time irradiation, the samples together with Nb and Zr foils were put
in tubes as can be seen in figure 2.1.
2.2. Calculation of neutron fluence and energy
The following is taken from [Wallner, 2000] and [Beckurts, 1964]:
A material consisting of nuclides XA is irradiated with neutrons, the reaction
XA(n,x)XB occurs. The change of the number of nuclides XB (assuming XB is
a radionuclide) during an activation depends on the production from XA(n,x)XB
and the decay of XB
dXB
dt
= σX0ϕ− λBXB(t) (2.1)
σ is the cross-section [cm2],
ϕ is the particle flux [cm−2· s−1] and
λB is the decay constant of XB [s
−1].
The production rate of XB is equal to formula (1.4) and the decay rate is the
activity AB(t) at time t. Assuming a constant neutron flux and X0(t = 0) = 0,
integration leads to
XB(t) =
σX0ϕ
λB
(1− e−λBt) (2.2)
After the end of the irradiation XB will decay according to
XB(t2) =
σX0ϕ
λB
(1− e−λBt1)e−λBt2 (2.3)
where
t1 is the irradiation time and
t2 is the period between the end of the irradiation and a definite time.
The activity after the end of the irradiation is
AB(t2) = λBXB(t2) (2.4)
= σX0ϕ(1− e−λBt1)e−λBt2 (2.5)
If the neutron flux is not constant, the irradiation can be split in small time periods.
During this period i the flux ϕi is assumed to be constant and the whole irradiation
time T is defined as T =
∑
i Ti, where Ti are the time intervals. The flux is usually
monitored with a neutron sensitive detector and its count rate mi is proportional to
the flux. Mi are the measured counts within the period i and M =
∑
iMi are the
8
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totally measured counts during the whole irradiation
Mi =
∫
midt = c · ϕi · Ti (2.6)
M = c ·
∑
i
ϕi · Ti (2.7)
The particle fluence Φ is the time-integrated flux during the whole irradiation time
or in other words particles per cm2 that hit the sample during the whole irradiation
Φ =
∑
i
ϕi · Ti (2.8)
Because Mi/M = Φi/Φ must apply, the flux can be expressed as
ϕi =
1
Ti
· Mi
M
· Φ (2.9)
Mi/M and the total fluence Φ can be measured.
For the activity at any time t after the irradiation one obtains
AB(t) = λBσX0Φ
∑
i
Mi
M
1
Ti
1− e−λBTi
λB
· e−λB(t−tEi ) (2.10)
where tEi is the time at the end of the irradiation of interval i. This leads to a
formula for the neutron fluence
Φ =
AB(t)
λBσX0f
(2.11)
where f is the factor for decay correction
f =
∑
i
Mi
M
1
Ti
1− e−λBTi
λB
· e−λB(t−tEi ) (2.12)
During the activity measurement, the nuclides decay and the activity decreases
during the measurement. This is taken into account with the factor tM representing
the corresponding time of a mean activity during activity measurement
tM = tW − 1
λB
· ln1− e
−λBTM
λBTM
(2.13)
where
tW is the time between the end of the irradiation and the beginning of the activity
measurement and
TM the duration of the activity measurement.
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The final formula for the fluence is
Φ =
AB(tM)
λBσX0f
· eλBtW · λBTM
1− e−λBTM (2.14)
A γ transition in the decay of XB can be used for the determination of AB(tM).
Xγ is the net peak area of the specific γ-line in the γ-spectrum. The intensity Iγ of
the used γ-line and the detector efficiency γ of the γ-sensitive detector have to be
considered. The mean activity is then
AB(tM) =
Xγ
TM
· 1
γIγ
(2.15)
The fluence in the irradiation (equation 2.14) was recorded by Nb foils (see section
2.4). Each activated sample was sandwiched between two Nb foils, such the fluence
in front of (Φ1) and behind (Φ2) the sample were measured. Although the fluence
decreases with a quadratical dependency on distance, for short ranges a linear ap-
proximation can be assumed. The fluence for sample Φs was calculated as the mean
value obtained from the Nb monitor foils.
The energy can be determined with a Zr-Nb-Zr sandwich. The excitation functions
for 90Zr(n,2n)89gZr and 93Nb(n,2n)92mNb are well known. The excitation function
of Zr rises from 12-20 MeV, so the amount of produced 89gZr nuclei is connected
to the energy of the neutrons and the fluence (see figure 2.4, table 2.4 and 2.5). A
comparison of 89gZr with the activity of 92mNb “enables the mean neutron energy
to be calculated” [Lewis and Zieba, 1980]. In general the following equation obtains
Xprod.
Xtarget
1
φ
f = σ (2.16)
For this reason the energy of the incident neutron can be determined with the ratio
of the cross-sections σ. It applies that Φ cancels because of sandwich geometry
σZr
σNb
=
X89ZrX93Nb
X90ZrX92Nb
fNb
fZr
(2.17)
where f is the decay correction factor, defined in formula 2.12. In figure 2.5 the
cross-section ratio is plotted together with an exponential fit which was used to
determine the energy from the measured cross-section ratio (see section 2.3).
2.3. Calculation of cross-sections
The cross-section of a reaction can be determined with equation 2.14, if the neutron
fluence is known
σ =
Xγ
TM
· 1
γIγ
λBΦX0f
· eλBtW · λBTM
1− e−λBTM (2.18)
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σ is the cross-section [cm2],
Xγ is net peak area in the γ spectrum of the specific γ-line,
TM is the duration of the activity measurement [s],
γ is the detector efficiency,
Iγ is the intensity of the γ-line,
λB is the decay constant of XB (produced nuclides during irradiation) [s
−1],
Φ is particle fluence [cm−2],
X0 are nuclides of type B, present at the beginning of the irradiation,
f is the decay correction factor and
tW is the time between the end of the irradiation and the beginning of the activity
measurement.
2.4. Nb and Zr
As mentioned above, during the neutron activation of the samples, Nb and Zr foils
were irradiated, too. Nb and Zr have characteristics which make it possible to
calculate the neutron fluence and the neutron energy during activation. Table 2.3
shows the reactions for neutron fluence and energy determination.
Reaction Abundance1 T1/2
2 γ-energy [keV]2 Intensity of γ-line [%]2
93Nb(n,2n)92mNb 100% 10.15 d 934.44 99.07±0.04
90Zr(n,2n)89gZr 51.45% 78.41 h 909.15 99.04±0.03
Table 2.3.: Some characteristics of importance in 14-MeV neutron induced reactions
on Nb and Zr. Data were taken from [Baglin, 2000] and [Singh, 1998]
Energy [MeV] Cross-section [mb]
13.4-14.0 457.9±6.8
14.0-14.5 459.8±6.8
14.5-15.0 459.7±5.0
Table 2.4.: The cross-section values for 93Nb(n,2n)92mNb according to [Wagner et al.,
1990].
Both excitation functions are well known: The threshold for the 93Nb(n,2n)92mNb
reaction is about 8.9 MeV, the cross-section appears to be constant from 13-15 MeV
1characteristic of the target nuclide
2characteristic of the product nuclide
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Figure 2.2.: The decay scheme of 92mNb with a half-life of 10.15 d [Baglin, 2000].
Figure 2.3.: The decay scheme of 89Zr with a half-life of 78.41 h [Singh, 1998].
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Energy [MeV] Cross-section [mb] Corr. factor
13.2-13.4 359.3±12.9 0.996
13.4-13.6 429.6±7.5 0.995
13.6-13.8 500.1±5.4 0.993
13.8-14.0 567.7±5.6 0.991
14.0-14.2 626.9±6.6 0.990
14.2-14.4 689.0±6.3 0.990
14.4-14.6 746.2±6.2 0.989
14.6-14.8 791.9±8.4 0.989
14.8-15.0 828.0±8.8 0.988
Table 2.5.: The cross-section values for 90Zr(n,2n)89(m+g)Zr from [Wagner et al.,
1990]. The correction factor considers that the 909 keV γ-transition
which was measured, is populated from the decay of 89gZr and partly
from the decay of 89mZr.
Figure 2.4.: The excitation functions for the reactions 93Nb(n,2n)92mNb and
90Zr(n,2n)89m+gZr (data are from [Wagner et al., 1990]) (see table 2.4
and table 2.5). The excitation function of Nb can be assumed as con-
stant, the (n,2n) cross-section of Zr increases monotone with the energy.
13
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Figure 2.5.: The ratio of the cross-section data of σZr(n,2n)/σNb(n,2n) from [Wagner
et al., 1990] (see table 2.4 and table 2.5) are plotted. The energy (‘y’)
was determined with an exponential fit of the cross-section ratio Zr/Nb
(‘x’). Also the upper and lower boundary (±0.3% of the fit) are plotted.
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(see figure 2.2). The metastable state “decays via electron capture to excited states
of 92Zr which decay promptly producing gammas”. The predominant γ-energy is
934 keV with 99% intensity [Lewis and Zieba, 1980].
The threshold for the reaction 90Zr(n,2n)89(m+g)Zr is at 12.1 MeV (see figure 2.3).
The cross-section rises with neutron energy until its maximum at around 20 MeV.
“The cross-section data represent the 78.4 h half-life activity, i.e. the transition to
the ground state of 89Zr plus 94% of that of the metastable state 89gZr” [Lewis and
Zieba, 1980]. The ground state decays via electron capture to excited states of 89Y,
the predominant γ-energy is 908 keV with 99% intensity [Singh, 1998]. The induced
89gZr activity depends on the neutron energy and the fluence (see figure 2.4, table 2.4
and 2.5). The cross-section ratio σZr/σNb is then a monotone increasing function
(for this energy region) and “enables the mean neutron energy to be calculated”
[Lewis and Zieba, 1980].
The Nb foils used for the fluence determination had circular shape, a mass range of
60-250 mg and a thickness of 0.15-0.55 mm. The foils used for the energy measure-
ment were of the same shape as the Zr foils. This foils were circular or rectangular,
weighing 50-250 mg and had a thickness of 0.15-0.55 mm.
A silicon detector in the neutron generator hall at TU Dresden was used as neutron
monitor. With these data a relative value for the neutron fluence over the irradia-
tion period was measured, which allowed to calculate the decay correction factors
during the neutron irradiation (equation 2.12).
2.5. Detector efficiency
The 92mNb and 89gZr activities were measured at TUD and in Vienna using HPGe-
detectors (HP=High Purity). The efficiencies of the Ge-diode in Vienna are plotted
in figure 2.7 and listed in table 2.6. They were measured by Wagner [private com-
munication, in the following referred to as ”Wagner”] in the nineties and tested 2009
by Buczak [Buczak, 2009].
The measurement of the efficiency of the Ge-diode at TUD is described in the
following: The efficiency for a γ-line is “defined as the ratio of the measured number
of counts Xγ recorded by the detector to the total number of emissions from the
radiation source” [McGregor and Shultis, 2011]
γ =
Xγ
A(t0) · Iγ · e
−λT (2.19)
A(t0) is the activity of the source measured at t0,
Iγ is the intensity of the γ-line,
λ is the decay constant of the radiation source and
T is the time elapsed since A(t0) was determined.
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Figure 2.6.: For the Ge-diode at VERA, the efficiency was measured by Wagner in
the nineties for various positions.
Ge-diode Vienna (HPGe, 15% rel. efficiency)
Position distance 909 keV 934 keV
4 40 mm (0.435±0.010)% (0.440±0.010)%
5 65 mm (0.227±0.010)% (0.230±0.010)%
Table 2.6.: The efficiencies of the Ge-diode in Vienna. The γ-line with 909 keV
energy is of interest for 89Zr and 934 keV for 92Nb measurements. The
efficiency curves are plotted in figure 2.6.
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Four calibration sources with 13 γ-lines in the energy range between 80 and 1400
keV were measured at three different distances from the detector. The radiation
sources and the γ energies are listed in table 2.7. The efficiency curve should be
a monotone function of the energy. In figure 2.7 the efficiency curves for the dif-
ferent positions are plotted. Until now, it is unclear why the efficiency values of
the calibration sources (133Ba, 152Eu, 137Cs and 60Co) contribute to the curve in
figure 2.7. The uncertainties only display the statistical process of the decay and
do not display systematic errors, which obviously occurred. Thus, the energy of the
short-time irradiation cannot be calculated from this plot but needs simulations.
Calibration source Activity [Bq] γ-line [keV] Intensity [%]
133Ba 4.2·104 80.997 34.10±0.30
152Eu 3.82·104 121.782 28.67±0.15
133Ba 3.63·104 302.851 18.33±0.60
152Eu 3.82·104 344.279 26.60±0.50
133Ba 3.63·104 356.013 62.05±0.19
137Cs 3.83·104 661.657 85.10±0.20
152Eu 3.82·104 778.904 12.96±0.14
152Eu 3.82·104 964.079 14.65±0.07
152Eu 3.82·104 1085.869 10.24±0.05
152Eu 3.82·104 1112.069 13.69±0.07
60Co 4.33·104 1173.228 99.85±0.03
60Co 4.33·104 1332.492 99.98±0.00
152Eu 3.82·104 1408.006 21.07±0.10
Table 2.7.: The four calibration sources (133Ba, 152Eu, 137Cs and 60Co) for the de-
termination of the efficiency of the Ge-diode at TUD: the activities are
nominal values and are valid for February 1st, 2001. Also listed are the
most common γ-lines and their intensity, ordered by energy. Data from
[NNDC, 03.10.2011], activity-data taken from sources certificates.
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Figure 2.7.: The resulting efficiencies of the Ge-diode at TUD, measured for three
positions using four different calibration sources (see table 2.7). The
curve is not a monotone function. The uncertainties plotted only display
the statistic uncertainties.
Ge-diode Dresden (HPGe, 30% rel. efficiency)
Position distance 378 keV 909 keV 934 keV
6 60 mm (2.40±0.01)% (1.01±0.01)% (0.97±0.01)%
19 190 mm (0.76±0.01)% (0.74±0.01)%
21 210 mm (0.45±0.01)% (0.44±0.01)%
Table 2.8.: The efficiencies of the Ge-diode at TUD. The γ-line with 378 keV energy
is of interest for decay measurements of 53Fe, 909 keV for 89Zr and 934
keV for 92Nb. The efficiency curves are plotted in figure 2.7.
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2.6. Details on the samples
In section 2.1 the sample positions are listed. The samples where activated for the
purpose of studying the production of long-lived (except 54Fe-samples) radionuclides.
A similar activation was performed by C. Lederer et al. [Lederer, 2008]. In the
following some facts are listed about the sample materials (data taken from [NNDC,
03.10.2011] and [Haynes, 2011]):
1. 56Fe: The reaction of interest is 56Fe(n,2n)55Fe, the half-life of 55Fe is (2.74±0.01)
y.
2. 54Fe: Enriched material of 99.84% 54Fe was used. The cross-section for
54Fe(n,2n)53Fe was measured by decay counting, as the half-life of 53Fe is
(8.51±0.02) min.
3. 39K: The reaction 39K(n,α)36Cl produces a long-lived radionuclide (T1/2 =
(3.01±0.02)·105 y).
4. 58Ni: (n,α) on 58Ni leads to 55Fe (T1/2 = (2.74±0.01) y).
5. natNi: Natural Ni consists of 68% 58Ni, the reaction of interest is 58Ni(n,α)55Fe.
6. 14N: With uracil (C4H4N2O2) the reaction
14N(n,p)14C, (T1/2 = (5730±40)
y), was studied.
7. 14N molecule: With polyimide resin the reaction studied was 14N(n,p)14C.
8. 13C: The reaction of interest 13C(n,α)10Be produces a radionuclide with a
half-life of (1.39±0.01)·106 y.
2.7. Results
In figure 2.8 the resulting energies for the different positions of the long time irradi-
ation are plotted.
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Position Sample Neutron fluence [cm−2] Estimated energy Cross-section [mb]
0 ◦ Fe1A (9.29±0.20)·1010 ∼14.8 MeV 12.52±0.51
45 ◦ Fe6 (6.79±0.17)·1010 ∼14.6 MeV 7.25±0.44
30 ◦ Fe4 (9.39±0.21)·1010 ∼14.8 MeV 11.07±0.51
60 ◦ Fe1A (10.76±0.32)·1010 ∼14.6 MeV 6.64±0.35
Table 2.9.: Results for the highly enriched 54Fe samples. The reaction of interest is
for all samples 54Fe(n,2n)53Fe. 53Fe has a half-life of only (8.51±0.02)
min, so the cross-section was determined from decay measurement (see
formula 2.18). Due to dubiety of the detector efficiency of the Ge-diode
at TUD, the neutron energy values are preliminary.
Position Sample Reaction Neutron fluence [cm−2] Energy [MeV]
0 ◦ Fe6 56Fe(n,2n)55Fe (6.53±0.19)·1012 14.74±0.04
K3 39K(n,α)36Cl (6.46±0.18)·1012 14.74±0.04
17 ◦ Fe4 56Fe(n,2n)55Fe (5.90±0.16)·1012 14.69±0.04
Ni3 58Ni(n,α)55Fe (5.80±0.16)·1012 14.69±0.04
30 ◦ Ni4 58Ni(n,α)55Fe (11.76±0.24)·1012 14.74±0.04
45 ◦ Fe2 56Fe(n,2n)55Fe (5.24±0.14)·1012 14.67±0.04
60 ◦ Fe1 56Fe(n,2n)55Fe (14.04±0.38)·1012 14.63±0.04
75 ◦ K2 39K(n,α)36Cl (4.24±0.12)·1012 14.42±0.04
90 ◦ Ni3 58Ni(n,α)55Fe (13.26±0.25)·1012 14.06±0.04
105 ◦ Ni2 58Ni(n,α)55Fe (6.89±0.19)·1012 13.94±0.04
120 ◦ K1 39K(n,α)36Cl (12.36±0.33)·1012 13.56±0.04
130 ◦ Ni1 58Ni(n,α)55Fe (4.32±0.12)·1012 13.68±0.04
0 ◦-30 ◦ uracil B 14N(n,p)14C (2.87±0.06)·1012 14.72±0.04
17 ◦-45 ◦ C13 B 13C(n,α)10Be (2.19±0.05)·1012 14.75±0.04
30 ◦-60 ◦ C13 C 13C(n,α)10Be (3.30±0.09)·1012 14.62±0.04
45 ◦-75 ◦ polyimide A 14N(n,p)14C (2.23±0.06)·1012 14.52±0.04
75 ◦-105 ◦ uracil D 14N(n,p)14C (1.74±0.05)·1012 14.07±0.04
60 ◦-90 ◦ polyimide E 14N(n,p)14C (4.17±0.12)·1012 14.34±0.04
90 ◦-120 ◦ quartz glass (5.05±0.10)·1012 13.78±0.04
Table 2.10.: The neutron energy and fluence values for the long-time irradiated sam-
ples. The neutron energy data are plotted in figure 2.8 versus sample
positions.
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Figure 2.8.: The energies of the samples of table 2.10 plotted for the long-time irradi-
ation. Some samples were positioned in-between the reference positions
(see figure 2.1) and are referred to as ‘in-between position’.
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3. Neutron activation at IRMM
At the Van de Graaff accelerator at IRMM (Institute for Reference Materials and
Measurements) in Geel, U and Th samples were irradiated with 17-22 MeV neutrons
during two beamtimes. The subsequent AMS measurements were done at VERA in
Vienna, at ETH in Zurich and at ANSTO in Sydney.
3.1. DT neutron activation
At IRMM the VdG accelerator produced quasi mono-energetic neutrons for irradi-
ations of U and Th samples. A 3.5 MeV deuteron beam hit a TiT target, the T/Ti
ratio was 1.40 and the target thickness 2245 µg/cm2. The reaction T(d,n)4He (see
appendix A.2) then creates neutrons with 13-21 MeV energy [Kra´sa, November 24,
2010].
During an irradiation in April 2010 samples at two different positions were placed
(irradiation angles 0◦ and 60◦). The irradiation period was 11.81 days. In table 3.1
the sample arrangement and the energy at the particular position are listed. The
samples were U3O8 and ThO2, 50-150 mg powder pressed to pellets with a diameter
of 6 mm. In the second irradiation in January 2011 a second set of U and Th sam-
ples, at 0◦ and 60◦ were irradiated. The energies were approximately 22 and 18.8
MeV. At the moment still no fluence data are available for this second irradiation.
Position Material Order with sample name Energy [MeV]
0 ◦ U3O8, ThO2 Zr1 IRMM3 Th4 Zr2 19.88-20.20
60 ◦ U3O8, ThO2 ZrA IRMM1 Th2 ZrB 17.45-17.65
Table 3.1.: The arrangement of the samples and monitor foils (Zr) during the irradi-
ation in April 2010. The U and Th pellets were irradiated together with
Zr foils. Zr was used as neutron flux monitor. The sample ‘IRMM’ is
made of uranium (U3O8) and of course ‘Th’ is thorium (ThO2).
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3.2. Calculation of the neutron fluence
For the determination of the neutron fluence Zr foils were used. The calculation of
the neutron fluence is analog to section 2.2.
3.3. Zr
90Zr(n,2n)89gZ is for this higher energy neutrons the reaction of interest for determin-
ing the neutron fluence. The reaction product has a half-life of 78.41 h and decays
to 89Y. The γ-energy associated with its decay is 909.15 keV with 99.04 % intensity
(see figure 2.3) [Singh, 1998]. The detector efficiency for 909.15 keV is (3.2±0.1)%
for the HPGe spectrometer ‘Canberra’ at IRMM. The Zr foils had a diameter of 3
mm and a thickness of 0.13 mm [Kra´sa, November 24, 2010].
3.4. Results
The data for the neutron fluence and energies were provided by Antonin Kra´sa.
Position Sample Neutron fluence [cm−2] Energy [MeV]
0 ◦ IRMM3 (20.5±1.2)·1012 20.04±0.23
Th4 (17.1±1.2)·1012 20.04±0.23
60 ◦ IRMM1 (7.9±0.5)·1012 17.55±0.14
Th2 (6.7±0.5)·1012 17.55±0.14
Table 3.2.: Fluence data for the U and Th samples irradiated in April 2010 at IRMM
at two positions. The determination of the neutron fluence values and the
energies was performed by Anton´ın Kra´sa [Kra´sa, November 24, 2010].
The U material was ‘BC02061’ and the Th material ‘Merck Th’.
Position Sample Material Energy [MeV]
0 ◦ Th1 Merck Th ∼22
IRMM111 BC02061 ∼22
60 ◦ Th3 Merck Th ∼18.8
IRMM112 Vienna KkU ∼18.8
Table 3.3.: Irradiation performed in January 2011 at two different angular positions.
Fluence values and neutron energies were not provided so far, only esti-
mated neutron energy values are listed.
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At the Ruprechts-Karl Universita¨t Heidelberg the chemical separation of Pa and U
from Th bulk material was performed.
4.1. Introduction
Sample material gets negatively charged in a sputter source through Cs bombard-
ment. These ions are accelerated from the source and form a negative ion beam. The
yield for forming negative ions depends strongly on the element (and is a function
of the electron affinity), on the matrix and on surface conditions. For measuring
nuclear reactions with AMS, where the measured nuclide is not of the same element
as the initially irradiated bulk material one, such samples need further chemical
treatment. For this work this was partly performed in Heidelberg by Jo¨rg Lippold.
E.g. the reaction 232Th(n,γ)233Th cannot be measured with AMS without chemical
treatment: 233Th decays with a half-life of 22 min to 233Pa, which itself decays with
a half-life of 27 d to 233U. In a measurement a few month after the irradiation, 233Pa
and 233U exists in the sample. A such measured 233/232 isotope-ratio will not dis-
play the real atom ratio in the sample. Thus, uranium and protactinium need to be
separated from the thorium samples. For isotopes of the same element we assume
the same yield for the sputtering process. E.g. for 229Th/232Th measurements, we
assume that the isotope ratio will not differ significantly in the negative ion beam
from the original one in the sample (no significant mass fractionation effects). Mass
fractionation, however, will be corrected when measuring relative to standard ma-
terials.
As it is of importance for such measurements that the reaction product can be set
in a relation to the initial amount of 232Th, a spike was added. A spike, as used
here, is a known amount of a different isotope of the same element as the measured
one. E.g. for studying the 232Th(n,γ)233Th reaction, we measure the AMS isotope
233U which is the decay product of short-lived 233Th (see table 4.1). Here, a spike
of natural U is added to the Th sample. Then the 233U together with the U spike is
separated from the Th bulk material. 238U is used during the AMS measurement as
reference isotope, just as 232Th is used for the 229Th measurement. So the 233U/238U
is measured by AMS, which can be converted to 233U/232Th, because the amount of
232Th and 238U is known from their mass (see appendix A.1). 233Pa is used as spike
for Pa measurements, as it has - besides 231Pa - the longest half-life (27 d). The
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reactions in table 4.1 show the reactions for which chemical treatment was necessary.
Reaction Product Half-life (product) AMS isotope Spike Half-life (Spike)
(n,γ) 233Th 21.83 m 233U 238U 4.47·109 y
(n,2n) 231Th 25.52 h 231Pa 233Pa 26.98 d
Table 4.1.: Nuclear reactions on 232Th which needed chemical treatment prior to
the AMS measurement (see text). Data are taken from [Singh and Tuli,
2005], [Browne, 2001] and [Browne and Tuli, 2007].
4.2. Production of the 233Pa spike material
The 233Pa spike material required for 231Pa measurements was prepared by Jo¨rg
Lippold in Heidelberg. The following procedure is taken from his PhD work [Lippold,
2008]:
233Pa is formed by α decay of 237Np. In a multi-step process Pa is separated from the
237Np solution utilizing the effect that Pa has an affinity to silica if no fluorine (F) is
present. The initial 237Np solution gets (a) rinsed through an ion exchange column
(silica-gel-column). The Pa fraction sticks in the column while Np passes through.
Then (b) Pa gets dissolved from the ion exchange material adding a mixture of 2 M
HNO3 and 0.13 M HF. This solution again (a) rinses through another ion exchange
column were the Pa fraction will stick in the column. Again (b) the Pa gets dissolved
from the column. Step (a) and (b) are repeated several times. The 1-5 silica-gel-
columns in this procedure were loaded with 8M HNO3. After the silica-gel-columns
a small HCl-DOWEX (AG1X-8) column is used to avoid cross-contamination. Of
vital importance for this method is the cooking of the separated Pa solution in HNO3
for hours, which removes the fluorine. F would cause the Pa to flow through the
column just like Np when loaded to a column.
4.3. Chemical separation
The chemical separation of Pa and U from the Th samples was also done by Jo¨rg
Lippold in Heidelberg. Again column exchange chemistry was applied: “The dis-
solved original Th sample (a mixture of Th and reaction products like Pa and U)
passes through an anion exchange column, subsequently rinsed with HCl” [Pichat
et al., 2001]. In chloride form, Th passes through the column, Pa gets absorbed in
the column together with U. Pa and U subsequently get eluted from the column.
To separate U and Pa the U-Pa fraction passed through another column, which was
subsequently rinsed with HCl. The Pa fraction was eluted with HCl and HF, U was
eluted with Milli-Q water and HCl [Pichat et al., 2001].
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4.4. Sample masses
In table 4.2 the sample masses of the first chemical treatment (performed in August
2010) are listed, and in table 4.3 and 4.4 the masses of samples for a second chemical
treatment (performed in March 2011) are listed.
Sample Material Sample mass Remark
Th [g]
Th1 c Th fraction of Fe powder Fe blank material
Th2 c Th fraction of Merck Th 0.0151 unirradiated Th material
Th3 c Th fraction of Merck Th 0.0135 unirradiated Th material
Th4 c Th fraction of Th2 0.0188 irradiated Th of sample Th2
Th5 c Th fraction of Th4 0.0212 irradiated Th of sample Th4
Sample Material Sample masses U-Solution
Th [g] [g]
U1 U fraction of Fe powder
U2 U fraction of Merck Th 0.0151 0.0130
U3 U fraction of Merck Th 0.0135 0.0127
U4 U fraction of Th2 0.0188 0.0126
U5 U fraction of Th4 0.0212 0.0042
Table 4.2.: Masses of samples used for U and Pa separation in August 2010 in Hei-
delberg. The samples Th4 c, Th5 c, U4 and U5 are fractions of the
Th samples irradiated in April 2010 at IRMM. The 238U standard was
a solution of ‘U112A’ with a certified concentration of (4.30±0.01) µg
238U/g.
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Sample Material Sample mass Remark
Th [g]
21Th Th frac. Th1, 01/2011 (0.0223±0.0002) irr. Th of sample Th1
23Th Th frac. Merck Th unirr. (0.0292±0.0002) unirr. Th material
25Th Th frac. Th3, 01/2011 (0.0302±0.0002) irr. Th of sample Th3
27Th Th frac. Th4, 04/2010 (0.0076±0.0002) irr. Th of sample Th4
30Th Blank with spike
34Th Blank without spike
Sample Material Sample mass U-Solution 238U
Th [g] [g] [ng]
21U U frac. Th1, 01/2011 (0.0223±0.0002) (0.0129±0.0002) 55.36
23U U frac. Merck Th unirr. (0.0292±0.0002) (0.0129±0.0002) 55.34
25U U frac. Th3, 01/2011 (0.0302±0.0002) (0.0130±0.0002) 55.77
27U U frac. Th4, 04/2010 (0.0076±0.0002) (0.0127±0.0002) 54.68
30U Blank with spike (0.0130±0.0002) 55.71
34U Blank without spike
Table 4.3.: Masses of Th fractions (‘frac.’) of samples prepared at Heidelberg in
March 2011. The samples 21Th and 25Th were irradiated in January
2011, 27Th was irradiated in April 2010 at IRMM.
Sample Material Sample mass 233Pa-Solution 233Pa
Th [g] [g] [pg]
20Pa Pa frac. Th1, 01/2011 (0.0420±0.0002) (0.3152±0.0002) 1.44
22Pa Pa frac. Merck Th (0.0667±0.0002) (0.3137±0.0002) 1.43
24Pa Pa frac. Th3, 01/2011 (0.0779±0.0002) (0.3127±0.0002) 1.43
28Pa Pa frac. Th4, 04/2010 (0.0316±0.0002) (0.3104±0.0002) 1.42
29Pa Blank with spike (0.1045±0.0002) 0.48
33Pa Blank without spike
Sample Material 233Pa -Solution 231Pa-Solution 233Pa 231Pa
[g] [g] [pg] [pg]
40Pa reference material (0.1025±0.0002) (0.2328±0.0002) 0.47 0.57
41Pa reference material (0.1038±0.0002) (0.2328±0.0002) 0.47 0.58
42Pa reference material (0.1044±0.0002) (0.2320±0.0002) 0.48 0.57
43Pa reference material (0.0831±0.0002) (0.1702±0.0002) 0.38 0.42
Table 4.4.: Masses of Th fractions of samples prepared at Heidelberg in March 2011.
The samples 20Pa and 24Pa were irradiated in January 2011, 28Pa was
irradiated in April 2010 at IRMM. The samples 40Pa to 43Pa have a
known 231Pa/233Pa ratio and were used as standards for the AMS mea-
surements. The 233Pa spike was produced on February 2nd, 2011 at
17:00. The U-Pa separation of the samples and the standards was done
on March 22nd, 2011 at 20:00.
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At VERA (Vienna Environmental Research Accelerator) subsequent AMS measure-
ments of the U and Th samples irradiated at IRMM (Institute for Reference Mate-
rials and Measurements) were performed.
5.1. VERA facility
VERA is an AMS facility based on a +3 MV tandem accelerator. Isotope ratios are
measured and hence cross-sections can be calculated (equation 5.12). In this work
isotope ratios of U and Th samples, irradiated at IRMM, were measured: negative
ions leave the source and undergo a first mass separation in electrical and magnetic
devices. In the accelerator the negative ions are not only accelerated from keV to
MeV but also stripped to positive charge states; negative molecular ions are dis-
sociated into their atomic constituents. After leaving the accelerator the ions then
undergo further mass separation, similarly to the low energy side. During a measure-
ment the facility switches between isotope-counts and isotope-current measurement.
For U the ‘count-isotope’ is 236U and the reference isotope is 238U. The count rate
is measured in a detector at the end of the facility and the currents are measured
behind the injection and the analyzing magnet. In figure 5.6 the VERA facility is
plotted. The most important components of VERA are described in the following
(formulas are for non relativistic ions):
- The VERA ion source (see figure 5.1) consists of a Cs sputter source, which
needs solid sample material. Caesium (Cs) atoms come from a Cs reservoir
and hit the ionizer (a spherical surface consisting of tantalum (Ta), which
is heated). There the Cs particles give off electrons to the Ta surface. The
resulting Cs+ ions will then be focussed onto the sample (a voltage of -5 kV is
applied between ionizer and sample cathodes), there Cs+ ions sputter atoms
and molecules from the sample material. A fraction of these particles gets
negatively charged and is extracted into the beam line via the same -5 kV
voltage that focussed the Cs+ beam. The 56 keV particle energy (for heavy
ions) on the low energy side of the accelerator yields from: the negative voltage
on the sample cathode (5 kV), the extraction voltage (15 kV) and the source
high voltage (36 kV).
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(a) (b)
(c)
Figure 5.1.: Figure (a) shows sample-holders: approximately 7 mm long, with 3
mm diameter cylindric front part, 5 mm cylindric end and 1 mm bore
diameter [Melber, 2011]. The sample material is pressed into the small
hole of the holder and fixed with an Al-pin. A sample wheel is shown
in (b). In each wheel 40 sample holders can be placed. The displayed
wheel was already sputtered with Cs (the black deposit). Some positions
are empty. Figure (c) shows VERA source 2: a sample wheel just gets
loaded. The particles leave the source to the left side of this picture.
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- The electrostatic analyzer ESA 01-1 is an electrical device consisting of
spherically shaped electrodes (bending angle of 45 ◦) on high voltage ([Priller
et al., 2002]). The electric force |~FE| on a charged particle in an electric field
must be equal the centripetal force |~FZ | for the particle to pass the ESA:
|~FE| = |q · ~E| , |~FZ | = mv
2
r
(5.1)
|q · ~E| = 2Ekin
r
(5.2)
where
q is the ion charge,
m the particle mass,
v the ion velocity,
Ekin=mv
2/2 the particle energy,
| ~E| the electrical field and
r the radius of the ESA.
From this it follows that the particles are separated by energy to electric charge
ratio:
Ekin
q
= const. (5.3)
Focusing is provided horizontally and vertically ([Vockenhuber et al., 2003]).
A second electro-static deflector ESA 04-1 (bending angle 90 ◦) is shown in
figure 5.2.
(a) (b)
Figure 5.2.: The 90 ◦ ESA 04-1 (a) during construction and (b) in operation.
- Along the facility magnetic quadrupole doublets are placed. The quadrupoles
are rotated against each other by 90 ◦. The first quadrupole focusses the
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beam in one axis (e.g. x-direction) but defocusses in the other (y). The sec-
ond quadrupole then focusses (y) and defocusses (x). Altogether focussing
is achieved. The electric quadrupole triplet at the end of the accelerator
works in an analog way [Vockenhuber et al., 2003].
- The low energy injection magnet BM 01-1 allows to bend the beam by
90 ◦ by a magnetic field. Assuming that the magnetic field ~B is normal to
the velocity ~v, the Lorentz force | ~FL| of the magnetic field | ~B| must be the
centripetal force |~FC | for the ion to pass the magnet:
|~FL| = |q| · |~v| · | ~B| , |~FC | = mv
2
r
(5.4)
|q · v · ~B| = mv
2
r
(5.5)
|q · ~B| =
√
2mEkin
r
(5.6)
where
q is the ion charge,
v =
√
2Ekin/m the ion velocity,
m the particle mass,
Ekin=mv
2/2 the particle energy and
r the bending radius of the magnet.
From this it follows that the magnet selects the ions according to their mass,
energy and electrical charge:
mEkin
q2
= const. (5.7)
The magnet radius of BM 01-1 is 0.457 m and the maximum field 1.31 Tesla.
The mass of uranium and thorium max out the bending power of this magnet,
so the ion energy at the low energy side is limited to 56 keV [Vockenhuber
et al., 2003].
- At VERA fast sequential injection of isotopes is provided by the multi beam
switcher MBS 01-1: to the vacuum chamber of the injection magnet an
‘acceleration voltage’ MBS is applied, as such mE can be kept constant for
different masses (see equation 5.7). Four registers with different voltages can
be set. Because of the hysteresis of the magnet it is faster and more precisely
to change the ion energy EBM01 instead of the magnetic field [Priller et al.,
1999]:
EBM01 = Einj +MBS (5.8)
where Einj is the ion energy at the low energy side of the accelerator.
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Figure 5.3.: Steerer
- Faraday cups allow current measurements at different positions along the
beam line. The cups at VERA can be pivoted into and out of the beam
line. Also two positions (behind the injection and analyzing magnet) with
offset-Faraday cups exist. For Th and U measurements, two different cur-
rent measurements are performed (see figure 5.8 and 5.7): the first is for the
determination of the transmission through the accelerator. For the current
measurement at the low energy side (‘le cur’), the 238UO− beam can be bent
into the inner offset cup. The current measurement at the high energy side
(‘he cur’) is done with the insertable cup FC 04-1 after the analyzing mag-
net. The ratio of this currents give the accelerator-transmission (see equation
5.13). The second current measurement determines the current during the
event measurement ‘le evt’. It is measured like ‘le cur’ in the inner offset cup
behind the injection magnet.
- Einzel lenses and quadrupole lenses are focussing components, (ideally)
without deflecting the ion beam and are positioned at several places along the
beam line.
- A steerer (see figure 5.3) deflects the beam in x or y direction but does not
focus. Several steerers are placed along the beam line.
- The +3 MV tandem accelerator at VERA (see figure 5.4) is a Pelletron
type accelerator, i.e. the high voltage is generated by a Pelletron Van-de-
Graaff-Generator. The charge transport is done with two pellet chains, which
can supply a total charging current of 230 µA. The accelerator system is inside
a “vessel filled with SF6 at a pressure of about 6 bar. Resistors are used to
divide the terminal voltage along the accelerator tubes” [Vockenhuber et al.,
2003]. In the accelerator, negatively charged particles are accelerated to a
positive high voltage at the terminal. There, in a gas filled channel, is the
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stripper gas oxygen. Electrons of the incoming particles are stripped off and
the particles become positively charged. In this way the same high voltage is
used for a second acceleration. The energy of particles leaving the accelerator
is:
E = (Einj−qLE·TV )MHE
MLE
+qHE·TV = 18.26 MeV (for 236U and values below)
(5.9)
whereas
Einj is the ion energy (56 keV) at the low energy side of the accelerator,
qLE and qHE are the particle charges at the low energy side (-1 e) and at
the high energy side (+5 e for Th and U measurements),
TV is the terminal voltage (+3.00 MV),
MLE and MHE are the particle masses at the low energy (252 amu for
236U16O) and the high energy side (236 amu for 236U).
In the stripper, molecules will break up because of particle collisions. Thus, the
AMS measurement does not suffer from molecular isobaric interference. The
yield of the selected charge state +5 (for uranium and thorium) is about 5%
if using oxygen as stripper gas. This is the lowest charge state the analyzing
magnet can bend 90 ◦ for 3 MV terminal voltage [Steier et al., 2002].
(a) (b)
Figure 5.4.: The VERA tandem accelerator tank (a) open with the accelerator stand-
ing next to the tank and (b) a closer look at the accelerator. A pellet
chain which transports charge is visible.
- The Wien filter is a velocity filter with an perpendicular electrical ~E and
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magnetic field ~B. For constant fields holds:
q · | ~E| = qv · | ~B| (5.10)
| ~E|
| ~B| = v (5.11)
where
q is the ion charge and
v the particle velocity.
- Like the injection magnet, the analyzing magnet BM 03-1 bends the beam
by 90 ◦ and selects the ions according to their mass, energy and charge state.
The molecular break-up products of the accelerator are removed [Vockenhuber
et al., 2003].
- The beam profile monitor serves as a beam survey and for positioning. It
is a thin, helically bent wire, which rotates in the beam line between hori-
zontal and vertical position. The striking beam produces electrons which are
collected. At an oscilloscope the signal for x and y profile (with two peaks) is
compared with fiducial marks.
- The 90 ◦ bending electrostatic analyzer ESA 04-1 (compare ‘electrostatic
analyzer ESA 01-1’) is necessary for further separation of heavy ions. Studies
on 236U reported in [Priller et al., 2002] show that some 238U have the right
energy to pass the magnet, but can be separated about 17 mm at the ESA’s
image slits (see also [Steier et al., 2008]). “The spherical electrodes provide
both horizontal and vertical focusing” [Vockenhuber et al., 2003].
- The switching magnet BM 04-1 (see figure 5.5) serves four exit ports. The
+20 ◦ port leads to a time-of-flight detector and a Bragg detector, and is usually
used for the measurement of heavy ions. Analog to the other magnets the
separation is ME/q2. For heavy ions the switching magnet performs further
background suppression [Vockenhuber et al., 2003].
- The +20 ◦ port of the switching magnet feeds the time-of-flight (TOF)
detector. For TOF measurements two detectors are necessary for providing
time information. In each detector the ions pass a carbon foil, which generates
electrons. The induced electrons are deflected, collected and multiplied by a
micro channel plate [Vockenhuber et al., 2003]. This generates the start and
stop signal; respectively. The flight path is (2810±3)mm long.
- The energy detector for heavy ion measurement at VERA is a Bragg-type
ionization chamber. The ions enter through a thin window. In the gas volume
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Figure 5.5.: The switching magnet BM 04-1 serves four exit ports (right side). The
ports are from the bottom up: +40 ◦ leading to an ionization chamber
and a silicon strip detector for e.g. Cl-measurements; a time-of-flight
detector and an ionization chamber for heavy ions are connected to
the +20 ◦ port; 0 ◦ lead to a gas absorber cell and an energy sensitive
detector for Be-measurements; -20 ◦ is the PIXE (Proton Induced X-ray
Emission) beam line [Vockenhuber et al., 2003].
(counting gas isobutane) positive ions and electrons are created by ionization.
The ions and electrons are collected by an electric field (parallel to the beam
direction). The incoming particles are stopped inside the active gas volume
[Vockenhuber et al., 2003].
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Figure 5.6.: The VERA facility (maximum setting values are listed): The ion source extracts heavy ions with typically
56 keV particle energy. The particles and molecules are sorted by energy/charge and mass·energy/charge2.
In the accelerator the ions gain an energy of ∼18 MeV, the molecules are destroyed and the charge state is
changed from -1 to positive 5 (+5 is the selected charge state). Subsequently, the ions are sorted again by
mass·energy/charge2 (BM 03), energy/charge (ESA 04) and mass·energy/charge2 (BM 04) and are finally
counted in a particle detector. (Design taken from [Melber, 2011])
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5.2. Measurement
5.2.1. Preparations
The sample material must be fine grained, as it is pressed into sample holders (‘cath-
ode’) with 1 mm bore diameter (see figure 5.1). The cathodes are placed in the sam-
ple wheel. After mounting the wheel into the ion source, the VERA components
(see section 5.1) can be set to calculated or empirical values. The components are
tuned with a beam of the reference isotope (e.g. 238U16O− for 236U and 232Th16O−2
for 229Th). The components are adjusted by maximizing the current in the Faraday
cups along the beam-line and the count rate in the particle detector. For U mea-
surements an iron target is mounted into the sample wheel. The low U content in
such Fe powder samples allows count-rate-tuning with 238U (or 235U) directly with
a particle detector. For Th measurements an attenuator is inserted and beamslits
cut a large fraction of the beam for count-rate tuning. After manual adjustment a
computer program performs multi-dimensional optimization of the component set-
tings [Steier et al., 2000].
5.2.2. Standards and blanks
The U and Th samples were measured together with blanks and standards. The
blank material is the same material as the irradiated samples, but unirradiated. This
gives information about the measurement background and the intrinsic amount of
radionuclides (natural ratio). The Vienna-KkU (U) was used as reference material
for uranium measurements. This material is uranyl nitrate, which “was mined and
processed before 1918 in” ‘K. u. K. Uranfabrik Joachimsthal’ (now Czech Repub-
lic) [Steier et al., 2008]. This “uranium reagents, prepared from ore in pre-nuclear
times, preserve natural isotopic ratios with minimal risk of anthropogenic contam-
ination” [Steier et al., 2008]. The measured ratio of this material by VERA is
(6.98±0.32)·10−11 [Steier et al., 2008]. The reference material is used to measure
the beam transmission at the high energy side of VERA. The main beam losses
are due to the selection of one particular charge state (∼5% charge state yield for
238U5+) and limited transmission through the grid of TOF-detector setup, in general
widening of the beam and scattering losses.
5.2.3. Measurement procedure
The measurement procedure is plotted in figure 5.8 (see also figure 5.7): a single
measurement is built up of several runs. During one run one cathode is sputtered,
but for each cathode a couple of runs will be performed during the full measurement.
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The runs are separated into sequences, e.g. for 236U counting three sequences each
293 s long were selected within one run. Each sequence starts with a current setup
(‘cur’): a current measurement at the low (‘le cur’: 238U16O) and the high (‘he cur’:
238U5+) energy side (compare section 5.1, item ‘Faraday Cups’) is performed. The
current measurement is done to determine the transmission through the accelerator,
this might differ for the samples. Subsequently, the event setup(s) (‘evt0’, ‘evt1’,
‘evt2’, ...) follow(s): i.e. the rare isotope(s) is (are) counted in a particle detector
quasi simultaneously with a current measurement of the stable isotope (‘le evt’:
238U16O) at the low energy side just before the accelerator. The sequence ends with
a current setup (‘cur’): the re-measurement of le cur and he cur. Fast sequencing
between up to four multi-beam-switcher-registers (each MBS register stands for a
voltage applied to the injection magnet) is possible. E.g. (in current measurement
mode): the voltage of the MBS in register 2 is for the low, and in register 0 for
the high energy current measurement; the other registers are not of interest for this
setup. Similar for an event setup: while the MBS is set to register 2, the ‘event
current’ is measured on the low energy side, while when in register 3, counts are
registered with a particle detector. During the fast sequencing the MBS voltage for
these registers is changed within ms. When switching form the current measurement
mode to the rare isotope counting mode, more modifications are needed: Again the
MBS voltage is changed, but also the terminal voltage. Each current or event setup
is divided into short cycles, e.g. for 236U counting we select 1500 cycles, each 0.2 s
long. After a measurement software conditions can be applied for individual cycles
(all will be recorded).
The rare isotope is detected with the TOF detectors and the energy detector. A
particle will produce three signals: a start, a stop and an energy signal. A typical
TOF vs. Bragg pulse height (= energy) spectrum can be seen in figure 5.9.
For checking dead time losses of the time-of-flight and energy measurement in
case of high count rates (significant for more than 1000 counts per second) a pulser
with fixed an well known rate was recorded during the measurement.
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Figure 5.7.: The current of the reference isotope is measured at the low (‘le cur’ and ‘le evt’) and the high (‘he cur)’
energy side. The rare isotope is detected at the end of the beam line (‘cnts’). (Figure adapted from [Melber,
2011].)
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238U 236U 233U 238U 236U 233U 238U
6
he cur
le cur
6
he cur1
le cur1
6
he cur2
le cur2
?
cnts
le evt0
?
cnts
le evt0
?
cnts
le evt1
?
cnts
le evt1
  6 6seq1 seq2
 6run1
? ? ? ? ? ? ?
cur evt0 evt1 cur evt0 evt1 cur
Figure 5.8.: An example for the measurement process: one run, with 2 sequences
is shown. First the current setup (‘cur’) is loaded, here the current on
the low (‘le cur’) and on the high (‘he cur’) energy side are measured.
Subsequently the first event setup (’evt0’) is loaded. The measurement
switches between count-measurement mode (‘cnts’) and low-energy-side
current measurement (‘le evt0’). 0.17 s of a cycle within 0.2 s is used
for isotope counting. The same for the second event setup (‘evt1’) -
here for a different U isotope, 233U. The first sequence (‘seq1’) ends
with the current measurement, which is simultaneously the first current
measurement for the second sequence (‘seq2’).
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5.2.4. Detected quantities
A summary of the detected quantities (see figure 5.7):
- le cur is the low-energy current of 238U16O− or 232Th16O− (or 232Th16O−2 )
ions, measured in an offset Faraday cup positioned after the injection magnet
BM 01-1,
- he cur is the high-energy current of 238U5+ or 232Th5+ ions, measured with
the insertable Faraday cup after the analyzing magnet BM 03-1,
- le evt is the event current of 238U16O− or 232Th16O− (or 232Th16O−2 ) measured
(∼ms) in the offset Faraday cup during rare-isotope(s) counting, after BM 01-
1,
- cnts is the number of counts of the count-rate isotope (e.g. 236U5+ and
229Th5+), detected in coincidence either TOF signals,
- cntDwnr is the number of cycles (e.g. 1500),
- GateDT is the time of one cycle (usually 0.2 s, consisting of 0.17 s ‘evt-mode’,
0.01s ‘le evt-mode’ and 0.02 s switching time),
- CycleYield is the fraction of cycles used for data analysis (determined from
software conditions and analyzed after the measurement),
- CntTotH is the number of total signals recorded with the TOF start detector,
- TOF is the time-of-flight signal sorted into 2048 channels,
- BraggPH is the energy (pulse height) from the ionization chamber, in our
case sorted into 256 ADC channels and
- BraggPW is the pulse width of the energy pulse recorded with the Bragg-type
ionization chamber, also sorted into 256 ADC channels.
5.3. Evaluation of the data
5.3.1. Cross-section
The isotope ratio measured with the VERA facility was used to calculate the cross-
section σ via the formula
Xprod.
Xtarget
1
φ
f = σ (5.12)
where
X is the number of nuclides (produced in a nuclear reaction or present in the
target),
φ is the neutron fluence (see section 2.1) and
f a decay correction factor (for U and Th f = 1).
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5.3.2. Bin setting
The raw data provided by the data collection system need to be analyzed according
to their TOF, pulse width and energy (pulse height) information. The ions that
only cause one coincidence (two of three signals), supply only a TOF or energy
information. They are sorted either in the TOF channel = 0 (no TOF signal) or PH
channel = 0 (no energy signal). These data were not further used in the evaluation
process of this work. The data used for evaluation were selected by ‘bin setting’
(choosing of a range of ADC channels which are associated with a specific particle).
A plot of time-of-flight vs. the Bragg pulse height or of pulse height vs. pulse width
allows to visualize these data. For illustration of an uranium measurement with three
event isotopes (237U, 236U and 233U) is plotted in see figure 5.9: for 236U selection 13
time-of-flight and Bragg pulse height channels were assigned (TOF: 594-606, PH:
35-47). The bin contains the ‘236U counts’ used for evaluation. The bin next to
the 236U-bin contains some ‘background’ counts originating from molecules 235UH−
injected into the tandem and the break-up 235U5+ eventually detected in the particle
detectors. Also for 237U and 233U bins were set together with their ‘backgrounds’
from 238U and 234U ions. The low energy counts arise from either incomplete charge
collection in the ionization chamber or from ions with the same mass*energy/charge2
and energy/charge ratio (but different mass). A similar procedure for bin setting
was done for the pulse width. The data were then analyzed and the raw data were
used for the isotope ratio determination. Table 5.1 shows raw data after the bin
setting and table 5.2 the evaluated data of five runs of a measurement.
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Figure 5.9.: A time-of-flight vs energy spectrum of run0035 (IRMM3), as obtained
in the measurement ‘U Th nx 10’. Three event isotopes where mea-
sured: 237U (red), 236U (green) and 233U (blue). 236U is related to a
TOF interval of 13 channels (center: channel 600) and an energy (or
pulse height) interval of 13 channels. The bin set next to it, is back-
ground ‘235UH’. 27 236U cnts were observed in 500 s, together with a
corresponding 238U16O− current of 60 nA.
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Material le cur 0 le cur 1 he cur 0 he cur 1 le evt 0 cntDwnr GateDT CycleYield 236U CntTotH
[nA] [nA] [nA] [nA] [nA] [cycles] [s] [%] [cnts] [cnts]
Vienna-KkU 60.9 70.8 12.9 16.9 68.2 500 1 100 84 749
IRMM Blk 55.3 35.2 9.64 5.60 46.5 500 1 100 6 193
IRMM1 49.7 93.8 10.0 19.9 80.5 500 1 100 34 676
IRMM3 28.2 68.7 5.05 12.7 60.5 500 1 100 45 621
Table 5.1.: Raw data for four individual runs (one run, one sequence only). Vienna-KkU is the reference material,
IRMM Blk is the blank and IRMM1 and IRMM3 are neutron activated samples. The reference isotope for
the current measurements is 238U16O− and the rare isotope 236U5+.
Material strip 0 strip 1 istrip he evt time sumcnts sum- sumcur ratio 236U/238U norm ratio
[%] [%] [%] [nA] [s] [cnts] time [s] [µA s] (·10−12) 236U/238U, (·10−11)
Vienna-KkU 4.25 4.77 4.51 15.4 500 84 500 7.68 8.76±0.95 7.64±0.83
IRMM Blk 3.49 3.18 3.33 7.75 500 6 500 3.87 1.24±0.47 1.08±0.41
IRMM1 4.03 4.24 4.14 16.6 500 34 500 8.32 3.27±0.55 2.85±0.48
IRMM3 3.58 3.7 3.64 11.0 500 45 500 5.50 6.55±0.97 5.72±0.84
Table 5.2.: Evaluated data for four individual runs (raw data see table 5.1). The average transmission of the facility
for the whole measurement (in total 40 Vienna-KkU runs) was determined to 11.47%. This transmission is
the mean of all runs. A single value for the Vienna-KkU, as listed here, must not be equal the mean value.
For explanation of the acronyms and calculations: see text.
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5.3.3. Evaluation of the raw data
The recorded quantities enabled us to determine the isotope ratio:
the ratio of high energy current ‘he cur’ (measured as current for 5+-ions) and
low-energy current ‘le cur’ (measured as current for 1−-ions) gives the transmission
through the accelerator ‘strip’ and accounts for the charge state yield (charge state
= 5+):
strip =
he cur
le cur
· 1
5
(5.13)
This transmission includes charge-state yield and scattering losses and is about 4%-
5% for 5+ ions in the mass range of Th and U.
Thus, the accelerator-transmission ‘strip’ was “measured” before and after count-
ing the rare isotope. The accelerator-transmission for the rare isotope ‘istrip’ is the
arithmetic mean value over ‘strip’(see appendix A.3.1). The accelerator-transmission
value together with the low-energy event-current, ‘le evt’, gives the correspond-
ing high-energy event current (and relates to the time when the rare isotopes are
counted):
he evt = istrip · le evt · 5 (5.14)
Again ‘5’ is the charge state. The counting time ‘time’ was calculated from the
number of cycles ‘cntDwnr’, the length of one cycle ‘GateDT’ (in µs) and the cycle
yield ‘CycleYield’ (in %):
time = cntDwnr · GateDT
1000000
· CycleYield
100
(5.15)
If several sequences were performed during one run, the counts ‘cnts’ and the time
‘time’ are added for a run and then the runs of one cathode are summed. The
outcome of this are ‘sumcnts’ and ‘sumtime’. Before summing the high-energy event
current ‘he evt’, the current-value of a sequence is multiplied with the counting time
‘time’ of the same sequence (i.e. gives a number of particles for this time). This
product is then summed over all sequences for a run. The runs of one cathode are
again summed too, this gives ‘sumcur’.
To generate an isotope ratio, counts and current need to be converted into the same
quantity: the counts are converted into a current with the definition of Coulomb [C]
[NIST, 03.10.2011]:
1e = 1.6022 · 10−19C = 1.6022 · 10−19A · s (5.16)
1A = 6.2415 · 1018 particles/s (5.17)
Equation (5.17) is for particles with charge 1e. In our measurements the particle
charge on the high energy side was 5+. The isotope ratio is then given by
ratio =
sumcnts
sumcur
· 5 · e (5.18)
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As mentioned above, the measurement of the reference material is required for the
determination of systematic losses of particles along the beamline between FC 04
(‘he cur’) and the final particle detector. The measured ratio is then compared to
the nominal value. This coefficient is called transmission ‘trans’:
trans =
ratiomeas
rationom
(5.19)
The calculated ratios are normalized with ‘trans’:
norm ratio =
ratiomeas
trans
(5.20)
A ‘trans - correction’ is not required for reference isotopes measured as counts. The
ratios are averaged (see appendix A.3) over all cathodes of the same material (for
one measurement series, ‘norm ratio meansample’). This mean value still needs to be
corrected with the mean value of blanks ‘norm ratio meanblk’:
Xprod.
Xtarget
= norm ratio meansample − norm ratio meanblk (5.21)
Finally, the results of all measurement series are averaged and the cross-section is
determined with equation 5.12.
5.3.4. Uncertainties of the quantities
The statistical uncertainty of the counts scnts are given by the Poisson distribution
(see appendix A.3.4):
scnts =
√
cnts (5.22)
In appendix A.3 all mean values and their uncertainties obtained in this work are
listed. For the weighted mean two uncertainties are listed. Finally the maximum of
both values was used.
For a low number of counts (less then 21 counts) the uncertainties were determined
according to the limits of [Feldman and Cousins, 1998]. This leads to asymmetric
standard deviations around the number of counts. Here, the upper uncertainty was
used as weight to calculate the weighted mean.
5.3.5. Dead-time correction
A dead-time correction was significant for detector count rates higher than 1000
counts per second. For this, counts of a pulser with either 8.09 or 100 Hz were
recorded. The counts and the measurement time were summed up for a run and the
ratio was formed:
ratiopulsmeas =
cntspuls
timepuls
(5.23)
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The measured ratio was then compared to the nominal value:
∆Hz =
ratiopulsmeas
ratiopulsnom
(5.24)
The counts registered for a sample (cathode) ‘cntscat’ were then corrected with ∆Hz:
cntscatcorr =
cntscat
∆Hz
(5.25)
5.4. Details on the reactions
For cross-section measurements via AMS uranium powder (U3O8) was irradiated
with neutrons of four different energies (17 - 22 MeV), the same for thorium (ThO2).
Possible nuclear reactions were the following:
Reaction Half-life of product Q-value [keV] Threshold [keV] AMS isotope
238U(n,γ)239U 23.45 min 4806.4±0.2 0.0±0.0 239Pu
238U(n,2n)237U 6.75 d -6154.2±1.3 6180.3±1.3 237Np
238U(n,3n)236U 2.34·107 y -11280.0±1.2 11327.8±1.2 236U
235U(n,3n)233U 1.59·105 y -12142.1±2.1 12194.3±2.1 233U
232Th(n,γ)233Th 21.83 min 4786.4±0.1 0.0±0.0 233U
232Th(n,2n)231Th 25.52 h -6440.3±1.1 6468.3±1.1 231Pa
232Th(n,3n)230Th 7.54·104 y -11558.3±1.1 11608.6±1.1 230Th
232Th(n,4n)229Th 7.88·103 y -18352.2±3.5 18432.0±3.5 229Th
232Th(n,α)229Ra 4.00 min 8531.9±18.8 0.0±0.0 229Th
Table 5.3.: Possible reactions for uranium and thorium samples, irradiated with
‘MeV neutrons’. ‘AMS isotopes’ are long-lived radionuclides. Data were
taken from [NNDC, 03.10.2011], [Browne and Tuli, 2006], [Singh and
Tuli, 2005], [Browne, 2001] and [Browne and Tuli, 2008].
The reactions in table 5.4 were considered in this work. In the following some
details on these reactions are given:
- The reaction 238U(n,γ)239U was not measured within the framework of this
thesis. 239U decays via 239Np to 239Pu.
- The 238U(n,2n)237U reaction produces 237U which has a half-life of 8 days and
decays to 237Np. The reaction is possible for these neutron energies, but the
half-life of 237U was to short to measure it after the irradiation. 237U decays
to the long-lived radionuclide 237Np.
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Reaction Half-life of product Q-value [keV] Threshold [keV] AMS isotope
238U(n,3n)236U 2.34·107 y -11280.0±1.2 11327.8±1.2 236U
232Th(n,γ)233Th 21.83 min 4786.4±0.1 0.0±0.0 233U
232Th(n,2n)231Th 25.52 h -6440.3±1.1 6468.3±1.1 231Pa
232Th(n,4n)229Th 7.88·103 y -18352.2±3.5 18432.0±3.5 229Th
232Th(n,α)229Ra 4.00 min -8531.9±18.8 0.0±0.0 229Th
Table 5.4.: Reactions studied in this work. Data were taken from [NNDC,
03.10.2011], [Browne and Tuli, 2006], [Singh and Tuli, 2005], [Browne,
2001] and [Browne and Tuli, 2008].
- The 238U(n,3n)236U reaction’s threshold energy is 11.3 MeV (see figure 5.11).
The reaction product 236U has a half-life of 23.4 My. No background is ex-
pected from isobars due to molecule destruction in the accelerator. In the en-
ergy region between 17 and 22 MeV experimental data of [Veeser and Arthur,
1978] exist and also a couple of evaluations. Cross-sections between 0.35 and
0.98 b are expected for neutron energies between 17 and 22 MeV. For a total
neutron fluence of 1·1013 neutrons per cm2 in a neutron irradiation a 236U/238U
isotope ratio is calculated between 3.5·10−12 and 9.8·10−12.
- The natural abundance of 235U is 0.72% of uranium, thus the reaction
235U(n,3n)233U was considered (see figure 5.12). The expected 233U/238U
ratio for a neutron fluence of 1·1013 neutrons per cm2 is 1-4·10−14. This is mea-
surable, but long measurement periods are required for appropriate counting
statistics. For lack of time this reaction was measured only twice.
- The product isotope of 232Th(n,γ)233Th decays with a half-life of 21.8 min
to 233Pa (see figure 5.13). This isotope further decays with a half-life of 27.0
days. After waiting several half-lifes of 233Pa, the long-lived decay product 233U
(T1/2= 1.6·105y) can be measured via AMS. This (n,γ) reaction is sensitive to
low energy neutrons as the threshold is zero with 1/v-dependence of the cross-
section at low neutron energies and the eV-keV energy region is a resonance
region. No measurements exist for this reaction in the energy region above 17
MeV. In this work this reaction was used as proxy for studying the amount of
low-energy neutrons generated in the neutron irradiations.
- The 232Th(n,2n)231Th reaction can be measured via 231Pa/232Th (see figure
5.14). 231Pa is the decay product of 231Th (T1/2= 26 h). Above 17 MeV
measurements of [Karius et al., 1979], [Prestwood and Bayhurst, 1961], [Butler
and Santry, 1961] and [Lapenas et al., 1975] were performed, also evaluations
exist. All experimental data are more than 30 years old.
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- The 232Th(n,3n)230Th reaction produces a long-lived radionuclide (T1/2=
7.5·104y). The natural abundance of 230Th in the blank material was too high
for measuring this reaction.
- The 232Th(n,4n)229Th reaction has a threshold energy of 18.4 MeV (see fig-
ure 5.10). The half-life of 229Th is 7.9·103 y. No measurement exists so far,
only two evaluations. In both evaluations, an artefact for a cross-section of
approximately 10−3 b is visible. The expected cross-section is between 7 and
40 mb for 20 MeV energy.
- A second reaction produces 229Th: 232Th(n,α)229Ra (see figure 5.10). 229Ra
decays with a half-life of 4 min to 229Ac, which decays with a half-life of 63 min
to 229Th. The threshold energy for this reaction is zero. Only one evaluation
is available but no measurements exist so far.
Figure 5.10.: Evaluations for the reactions 232Th(n,α)229Ra→ 229Th (blue and green
line) and 232Th(n,4n)229Th (red line) [NNDC, 03.10.2011]. No exper-
imental data were found. Indicated are the neutron energies for the
irradiated samples in Geel in April 2010.
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(a)
(b)
Figure 5.11.: Measurements (single points) and evaluations (lines) of the excitation
function of 238U(n,3n)236U [NNDC, 03.10.2011]. Figure (a) shows the
entire energy range, figure (b) the excitation function between 16 and
23 MeV. Indicated are neutron energies for irradiations in April 2010
at IRMM.
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Figure 5.12.: Evaluations and measurements of the excitation func-
tion of 235U(n,γ)236U over the entire energy range
[NNDC, 03.10.2011].
Figure 5.13.: Available data for the excitation function (measured
and evaluated) of 232Th(n,γ)233Th → 233U [NNDC,
03.10.2011]. The entire energy region is plotted.
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(a)
(b)
Figure 5.14.: Excitation function for the reaction 232Th(n,2n)231Th → 231Pa, (a)
over the entire energy region and (b) between 16 and 23 MeV [NNDC,
03.10.2011]. Indicated are the neutron energies of the samples irradi-
ated in April 2010 at IRMM.
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5.5. Measurement details of the different materials
5.5.1. Uranium
Uranium is meanwhile a routinely measured isotope at VERA (e.g. [Steier et al.,
2002],[Vockenhuber et al., 2003] and [Wallner et al., 2011]). For uranium measure-
ments as reference material ‘Vienna-KkU’ was used, except for the small (55 ng 238U)
samples prepared in Heidelberg for studying the reaction 232Th(n,γ)233Th. A typical
negative ion current (238U16O− at the low energy side 238U was 50 nA. For ‘small’
uranium samples, samples of the Japanese sea provided by Aya Sakaguchi (mea-
sured by Peter Steier, unpublished) were used as reference material, as they contain
comparable amounts of uranium. Their 236U/238U ratios were cross-calibrated in
measurements before. This was necessary to avoid cross contamination among the
cathodes.
5.5.2. Thorium
The thorium measurement should not be mixed with measurements of other mate-
rials, because Th poisons the ionizer of the ion source (see [Yin et al., 2010] and
[Hyder et al., 1998]). This results in smaller currents. We found that a subsequent
uranium measurement started with lower ‘U−’-currents and recovered slowly. As
reference material the ‘Merck 12373’ blank was used: in radioactive equilibrium the
ratio of 228Th/232Th is 1.37·10−10. Typical negative ion currents on the low energy
side were 40 nA.
5.5.3. Protactinium
The first 231Pa measurement with an AMS system was performed by Marcus Christl
et al. in 2007 [Christl et al., 2007]. The challenge with Pa measurements is the
half-life (27 d) of the 233Pa spike. The 233Pa “is added to the samples to determine
the yield of the chemical preparation procedure and to enable isotopic ratio mea-
surements on the AMS system” [Christl et al., 2007]. 231Pa measurements need to
be done shortly after such a spike was added. 233Pa is detected as count-rate, hence
no current detection was required. For 231Pa/233Pa AMS measurements a reference
material was prepared by [Lippold, 2008], consisting of well known amounts of 233Pa
where a known amount of 231Pa extracted from pitchblende was added (see chapter
4).
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5.6. Results
5.6.1. 238U(n,3n)236U
In table 5.5 the final AMS results for the reaction 238U(n,3n)236U are listed, the
detailed results can be found in appendix B.1.2. In figure 5.15 the isotope ratios
for each measurement and the weighted mean are plotted. The ratios for the first
neutron irradiation results in a cross-section value of (2.69±0.17) barn for IRMM1
and (3.04±0.18) barn for IRMM3. These values are much higher than expected
(0.35-0.98) barn between 17-22 MeV). A possible additional reaction producing also
236U, namely via low energy neutrons in the reaction 235U(n,γ)236U, was tested with
232Th(n,γ)233Th: this reaction has a similar excitation function. This proxy reaction,
however, disproved this assumption. So far no explanation could be found for these
high cross-section values.
Sample Material Irradiation 236U/238U [at/at] Neutron energy [MeV]
IRMM1 BC02061 04/2010 (2.11±0.04)·10−11 17.55±0.14
IRMM3 BC02061 04/2010 (6.25±0.07)·10−11 20.04±0.23
Table 5.5.: The measured 236U/238U ratios of the samples irradiated in April 2010
at IRMM.
For the samples irradiated in January 2011 no neutron fluence data exist so far.
The isotopic ratios measured at VERA are listed in table 5.6 and plotted in figure
5.16, together with their mean value. Figure 5.17 shows the measured isotope ratios
of the samples IRMM111 and IRMM112, not corrected for the intrinsic 236U/238U
content, together with their blank materials. The ratios of the samples are only
marginal higher then the blank values. The low ratios indicate a much smaller
neutron fluence in this irradiation compared to April 2010.
Sample Material Irradiation 236U/238U [at/at] Neutron energy [MeV]
IRMM112 Vienna-KkU 01/2011 (2.54±1.37)·10−12 ∼18.8
IRMM111 BC02061 01/2011 (0.91±0.46)·10−12 ∼22
Table 5.6.: The measured and blank-corrected 236U/238U ratios of the samples irra-
diated in January 2011 at IRMM. The energies are approximated.
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Figure 5.15.: The normalized 236U/238U ratios of samples (a) IRMM1 and (b)
IRMM3, irradiated at Geel in April 2010, for 238U(n,3n)236U. The black
line indicates the weighted mean, the dashed lines its external uncer-
tainty.
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Figure 5.16.: The measured isotope ratios 236U/238U corrected for the intrinsic 236U
content: (a) sample IRMM111 and (b) sample IRMM112, irradiated in
Geel in January 2011. The black line indicates the weighted mean, the
dashed lines the (a) internal uncertainty and (b) external uncertainty
(in each the maximal uncertainty).
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Figure 5.17.: The isotope ratios 236U/238U, not corrected for the intrinsic 236U con-
tent, for (a) the sample IRMM111 and the blank material ‘BC02061’
and (b) the sample IRMM112 together with the blank material
‘Vienna-KkU’. The samples were irradiated in Geel in January 2011.
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5.6.2. 232Th(n,γ)233Th
Details of the measured data are listed in appendix B.1.4. It could not be excluded a
priori, that during the irradiations in Geel a flux of low-energy neutrons existed. The
neutron energies determined for April 2010, represent the peak energy according to
the kinematics of the T(d,n)4He reaction. The 232Th(n,γ)233Th reaction could not
be measured for the energies of 17 and 20 MeV, because scattered neutrons with low
energies will dominate the 233Th production. But this reaction was used as a proxy
for the fraction of the flux of low-energy-neutrons (see figure 5.13). The 233Th/232Th
ratio was determined via 233U/238U AMS measurements. An uranium background of
234U and 238U was significant visible during the measurements. Therefore, the mean
238U5+ currents of the sample, the unirradiated material and the material without
(or very low contents of) uranium, are listed in table 5.9. For the measurements
U Th nx 16, U Th nx 16 2 and U Th nx 18 the average 234U count-rates are listed
as well. It can be seen that the materials ‘without uranium’ show a considerable
uranium content, due to cross contamination in the sample wheel. Only for the
measurement U Th nx 18 the average count rate of 234U-ions is significantly higher
in the materials containing uranium (unirradiated material and samples). In this
measurement a reference material with comparable amount of uranium was used
and 234U counts measured for these samples were corrected for the counts of blanks
without spike. The 233U/238U ratios for the samples are listed in table 5.7.
With the measured 233Th/232Th ratio of sample ‘Th4’ in measurement U Th nx 18
the following estimation can be performed: the thermal cross-section σ
U(n,γ)
th for
235U(n,γ)236U is approximately 98 b. The thermal cross-section σ
Th(n,γ)
th for
232Th(n,γ)233Th is approximately 2 b. The energy dependence of the cross-sections
for this reactions can assumed in first order to be equal in the context of this esti-
mation. Thus, the cross-section ratio σU/σTh is approximately 49. We obtain with
the neutron fluence Φ the following:
233Th/232Th = σTh · Φ ≈ 1
49
σU · Φ (5.26)
The 235U/238U ratio in the samples is 0.72%. Thus, the 236U/238U isotope ratio,
caused by that low energy neutrons can be roughly scaled:
236U/238U = σU · Φ ≈ 235U/238U · 49 · 233Th/232Th = 4 · 10−13 (5.27)
The measured results for 236U/238U in table 5.5 are of the order of 10−11. A low-
neutron-energy-contribution with 236U/238U ∼10−13 can not cause the large devia-
tion discussed in section 5.6.1.
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Material Irradiation 233U/238U Upper Lower Neutron energy
[at/at] [at/at] [at/at] [MeV]
U fraction of Th4 04/2010 14·10−8 18·10−8 11·10−8 20.04±0.23
U fraction of Th3 01/2011 8·10−8 14·10−8 3·10−8 ∼18.8
U fraction of Th1 01/2011 5·10−8 9·10−8 3·10−8 ∼22
Table 5.7.: The 233U/238U isotope ratios obtains in the measurement ‘U Th nx 18’,
together with their upper and lower boundaries. For the irradiation in
January 2011 the energies are estimated.
Material Irradiation 233Th/232Th Upper Lower Neutron energy
[at/at] [at/at] [at/at] [MeV]
U fraction of Th4 04/2010 12·10−13 15·10−13 8.8·10−13 20.04±0.23
U fraction of Th3 01/2011 1.7·10−13 3.1·10−13 0.6·10−13 ∼18.8
U fraction of Th1 01/2011 1.4·10−13 2.6·10−13 0.8·10−13 ∼22
Table 5.8.: The 233Th/232Th isotope ratios obtains in the measurement
‘U Th nx 18’, together with their upper and lower boundaries For
the irradiation in January 2011 the energies are estimated.
5.6.3. 232Th(n,2n)231Th
The first two AMS measurements were very short with limited counting statistics
(the blank material gave more counts than some neutron irradiated samples (see
figures 5.18 and 5.19, and section B.1.5 for detailed results)). The weighted mean
values and their uncertainties in figures 5.18 and 5.19 are therefore dominated by
the third measurement, as this measurement has the smallest uncertainties. The
samples 20Pa (Pa fraction of Th1) and 24Pa (Pa fraction of Th3) were irradiated in
January 2011 and no fluence data exist so far. For sample ‘28Pa’ which is a fraction
of Th4 the measured cross-section at 20.04 MeV is calculated to (0.86±0.24) barn.
The cross-section is expected to be 0.4 barns or lower according to existing evaluation
existing.
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U Th nx 13 U Th nx 14
Material Mean 238U5+ current Material Mean 238U5+ current
[A] [A]
U1 (blk without spike) 1.3·10−12 U1 (blk without spike) 2.7·10−12
U2 (blk) 1.3·10−12 U2 (blk) 2.5·10−12
U3 (blk) 1.4·10−12 U3 (blk) 2.5·10−12
U4 (sample) 2.4·10−12
U5 (sample) 2.4·10−12 U5 (sample) 3.6·10−12
U Th nx 16 U Th nx 16 2
Material Avg. 234U rate Material Avg. 234U rate
[s−1] [s−1]
34U (blk without spike) 5.6±0.1 34U (blk without spike) 4.4±0.1
23U (blk) 7.3±0.2 23U (blk) 5.6±0.1
21U (sample) 27±0.3 21U (sample) 12±0.1
25U (sample) 2.7±0.1 25U (sample) 2.8±0.1
27U (sample) 9.0±0.2 27U (sample) 7.8±0.1
U Th nx 18
Material Avg. 234U rate
[s−1]
34U (blk without spike) 0.5±0.1
23U (blk) 1.8±0.1
21U (sample) 3.3±0.2
25U (sample) 1.3±0.1
27U (sample) 4.5±0.2
Table 5.9.: Comparison of the mean 238U5+ currents or the average 234U count-rate,
of the sample, the unirradiated material (blk) and material without -
or very low content of - uranium (blk without spike). The unirradiated
material was spiked with uranium.
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Material Irradiation 231Th/232Th Neutron energy [MeV]
Pa fraction of Th4 04/2010 (14.67±0.94)·10−12 20.04±0.23
Pa fraction of Th3 01/2011 (1.93±0.39)·10−12 ∼18.8
Pa fraction of Th1 01/2011 (0.59±0.42)·10−12 ∼22
Table 5.10.: The weighted means of the measured ratios for the reaction
232Th(n,2n)231Th, measured via 231Pa/232Pa. Th1 and Th3 were irradi-
ated in January 2011, no fluence data exist so far. Th4 was irradiated
in April 2010.
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Figure 5.18.: Plotted are the measured isotope ratios of 231Th/232Th for sample ‘Th4’
of the different measurements. The sample ‘28 Pa’ was irradiated in
April 2010 at IRMM. The black line indicates the weighted mean, the
dashed lines is internal uncertainty.
5.6.4. 232Th(n,4n)229Th and 232Th(n,α)229Ra
The (n,4n) and (n,α) reaction on 232Th contribute to the 229Th production for the
samples Th4 (irradiation in April 2010), Th1 and Th3 (irradiation in January 2011).
The neutron energy for the sample Th2, was below the threshold of the (n,4n)
reaction. So for Th2 the (n,α) cross-section at (17.55±0.14) MeV was measured,
for Th4 the combination of the cross-sections of (n,4n) and (n,α) at (20.04±0.23)
MeV. For both samples the count rate was very low (e.g. 25 counts in 10 h for Th4),
so the statistical uncertainties are still large. Evaluations predict cross-sections
between 5 and 100 mb, i.e. low ratios are expected. These reactions, however,
are good measurable because of the very low 229Th-content in Th and a very low
measurement background for unirradiated Th material. The cross-sections were
62
5.6. Results
U_Th_nx_15 U_Th_nx_16 U_Th_nx_16_2
-1.1x10 -11
-1.0x10 -11
-9.0x10 -12
-8.0x10 -12
-7.0x10 -12
-6.0x10 -12
-5.0x10 -12
-4.0x10 -12
-3.0x10 -12
-2.0x10 -12
-1.0x10 -12
0.0
1.0x10 -12
2.0x10 -12
3.0x10 -12
weighted mean
 Pa fraction of Th1
231
Th / 
232
Th [at/at]
Measurement series
(a)
U_Th_nx_15 U_Th_nx_16 U_Th_nx_16_2
-1.1x10 -11
-1.0x10 -11
-9.0x10 -12
-8.0x10 -12
-7.0x10 -12
-6.0x10 -12
-5.0x10 -12
-4.0x10 -12
-3.0x10 -12
-2.0x10 -12
-1.0x10 -12
0.0
1.0x10 -12
2.0x10 -12
3.0x10 -12
4.0x10 -12
5.0x10 -12
weighted mean
 Pa fraction of Th3
231
Th / 
232
Th [at/at]
Measurement series
(b)
Figure 5.19.: Ratios of 231Th/232Th for the different measurements: the samples (a)
20Pa and (b) 24Pa where irradiated in January 2011 at IRMM. The
black line indicates the weighted mean, the dashed lines the external
uncertainty.
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determined with the values listed in table 5.11 and the following values for the
neutron fluence: Th2: Φ=(6.7±0.5)·1012 cm−2; Th4: Φ=(17.1±1.2)·1012 cm−2. The
measured cross-section for (n,α) at 17.55 MeV is 5.0 mb, with an upper limit of
10.5 mb and a lower limit of 0 mb. The measured cross-section for (n,4n) and
(n,α) at 20.04 MeV is (20.8±3.4) mb. In table 5.11 ratios of Th2 and Th4 for
all measurements are plotted. In section B.1.7 the measurement data are given in
detail together with the blank values and corresponding transmission values. Also
the ratios of the samples irradiated in January 2011 at IRMM are listed (measured
once). For that irradiation no fluence data exist so far.
Sample Irradiation 229Th/232Th Upper Lower Neutron energy [MeV]
Th2 04/2010 0.33·10−13 0.70·10−13 0 17.55±0.14
Th4 04/2010 3.57·10−13 4.10·10−13 3.05·10−13 20.04±0.23
23Th 01/2011 1.79·10−13 3.82·10−13 0.27·10−13 ∼18.8
21Th 01/2011 11.4·10−13 13.8·10−13 9.10·10−13 ∼22
Table 5.11.: The mean values over all measurements for the samples Th2 and Th4.
The samples irradiated in January 2011, were so far measured once.
The asymmetric uncertainties (boundaries ‘Upper’ and ‘Lower’) arise
from low count rates.
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Figure 5.20.: Both reactions 232Th(n,4n)229Th and 232Th(n,α)229Ra produce 229Th.
The measured 229Th/232Th isotope ratios for the samples (a) Th2 and
(b) Th4, irradiated at Geel in April 2010 are plotted. The black line
indicates the weighted mean, the dashed lines the uncertainty.
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6. Summary and outlook
The neutron fluence and neutron energy results calculated for the long-time irradi-
ation at TUD are reasonable and similar to irradiations in the past. Thus, cross-
sections can be determined for the different reactions. The neutron fluence data for
the short-time irradiations are reasonable too, but the neutron-energy values are
significantly too high. This is caused by wrong γ-efficiency values for the Ge-diode
at TUD. These efficiency data are not monotone functions of the γ-energies. For
determination of the neutron energies during the irradiations, these efficiencies need
to be measured again.
For the samples irradiated in Geel in January 2011 no neutron fluence and energy
data exist so far. But they are needed to determine the final cross-section data for
the (n,3n) reactions on 238U and the (n,2n), (n,4n) and (n,α) reaction on 232Th.
These cross-section values can then be compared to the results obtained for samples
irradiated in April 2010.
The AMS results samples irradiated in April 2010 show cross-sections for
238U(n,3n)236U being 3 to 9 times higher than expected from evaluations and an
earlier measurement [Veeser and Arthur, 1978]. An explanation for this discrepancy
cannot be given yet.
The reaction 232Th(n,2n)231Th was measurable via 231Pa/233Pa. The cross-section
value obtained for 20 MeV was found twice as high as expected from evaluations
and previous measurements [Karius et al., 1979], [Butler and Santry, 1961], [Prest-
wood and Bayhurst, 1961]. For additional AMS measurements new samples need
to be produced, as the 233Pa spike has decayed meanwhile. Measurements need be
performed as soon as possible after the sample preparation.
The cross-sections for (n,4n) and/or (n,α) on 232Th fit to the evaluations. More mea-
surements should be done to improve the uncertainties of the cross-section values,
which are still dominated by the low counting statistics.
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A.1. Number of Nuclides
If the mass m of a sample and its material is known, one can determine the number
of particles N0 in this sample:
N0 =
m
MA
·NA ·RZ (A.1)
where
MA is the molar mass,
NA the Avogadro number and
RZ the relative abundance.
A.2. The T(d,n)4He reaction
The T(d,n)4He reaction is used for producing neutrons of MeV energy. Tritium is a
hydrogen isotope (3H) with 2 neutrons, Deuterium also called heavy hydrogen (2H)
has 1 neutron. This reaction has no threshold, the Q-value is at17.59 MeV. Due to
reaction kinematics, only ∼14 MeV will be transferred to the neutron. To achieve
higher neutron energies the energy of the incoming d needs to be increased. 14 MeV
neutrons are easy to produce for irradiations. Figure A.1 shows the excitation func-
tion for this reaction, the cross section has its maximum for 100-200 keV deuteron
energy.
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Figure A.1.: The excitation function for the reaction T(d,n)4He, which produces
neutrons in MeV region [NNDC, 03.10.2011].
A.3. Mean values and uncertainties
The following sections are taken from [Knoll, 1989].
A.3.1. Arithmetic mean and uncertainties
The arithmetic mean value x for a measurement quantity xi measured n-times is
x =
1
n
∑
xi (A.2)
The uncertainty of a single measurement quantity xi is
sxi =
1√
n− 1
√∑
(xi − x)2 (A.3)
The uncertainty of the mean value x is given by
sx =
1√
n(n− 1)
√∑
(xi − x)2 (A.4)
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A.3.2. Weighted mean and uncertainties
The weighted mean xw of the uncorrelated measured values xi with uncertainties
sxi is given:
xw =
∑
xi
s2xi∑
1
s2xi
(A.5)
The internal uncertainty sintxw originates in the statistical variance:
sintxw =
√
1∑
1
s2xi
(A.6)
The external uncertainty sextxw quotes the deviation of the measured values xi, ac-
cording their weight 1/s2xi :
sextxw =
1√
n− 1
√√√√√∑ (xi−xw)2s2xi∑
1
s2xi
(A.7)
A.3.3. Gaussian law of error propagation
For the standard deviation of a quantity u, (a function of uncorrelated quantities)
(x± σx, y ± σy, . . .), it holds
σu =
√(
δu
δx
)2
σ2x +
(
δu
δy
)2
σ2y + . . . (A.8)
A.3.4. Poisson distribution
For counting experiments the Poisson model describes the distribution of experi-
mental results. This allows to associate a single counting measurement with an
uncertainty. The probability distribution function of the Poisson distribution is
given by:
P (x) =
(x)x e−x
x!
(A.9)
where x is the mean value of the distribution. For the mean values is:
x = pn (A.10)
where
n is the number of trials and
p the probability for success.
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The standard deviation of the distribution is given by:
σ =
√
x (A.11)
For a single measurement, were we can assume that the distribution is based on a
Poisson distribution, the result x is assumed to be the mean value x. It holds that
the expected sample deviation s “is the best estimate of the deviation σ form the
true mean value which should typify the single measurement” [Knoll, 1989].
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B.1. Measurement data
In the following tables results from the AMS measurements at VERA are listed in detail. The final results can be
found in section 5.6, more information on the reactions in section 5.4. The following quantities are listed: ‘sumtime’,
‘sumcnts’ (e.g. ‘236U’), background counts (e.g. ‘235UH’), ‘sumcur’ (actually Σ(current*time), but to differ counts from
current referred to as e.g. ‘238U cur’), average count rate (of the rare isotope), ‘norm ratio’ (e.g. ‘236U/238U’), blank
corrected isotope ratio (e.g. ‘236U/238Ublkcorr’) and the transmission ‘trans’. The blank correction was performed for
each measurement with the respective blank value of that measurement. The acronyms and evaluations individual are
listed in section 5.3.3. In the following symmetric uncertainties are given as deviations plus/minus the mean value. In
case of asymmetric uncertainties the upper and lower boundaries (‘Upper’ and ‘Lower’) are denoted, they are the mean
values plus/minus the uncertainty.
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B.1.1. 238U(n,2n)237U
U Th nx 10
Material Sumtime 237N 238U 238U cur Avg rate 237U/238U Upper Lower 237U/238U blkcorr
[s] [cnts] [cnts] [mA s] [s−1] ·10−11 ·10−11 ·10−11 ·10−11
IRMM Blk 8000 0 44 0.166 0 0 0.01 0
IRMM1 7000 312 96 0.180 0.045 1.21 1.28 1.14 1.21±0.07
IRMM3 5000 307 89 0.083 0.061 2.58 2.73 2.43 2.58±0.15
Table B.1.: For 237U only the measurement U Th nx 10 was performed. 238U are background counts in the vicinity of
the 1237Np bin. No interference is expected for such low 238U event rates.
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B.1.2. 238U(n,3n)236U
Vienna-KkU, Std
Measurement Sumtime 236U 235UH 238U cur Avg rate 236U/238U Trans.
[s] [cnts] [cnts] [mA s] [s−1] ·10−11 [%]
U Th nx 10 22000 10974 293 1.098 0.499 6.97±0.07 11.47
U Th nx 11 23171 14417 394 0.900 0.622 6.97±0.14 18.38
U Th nx 12 5351 1562 9 0.130 0.292 6.96±0.38 13.77
U Th nx 14 16658 6659 197 0.516 0.400 6.98±0.09 14.80
U Th nx 15 1755 217 2 0.017 0.124 6.86±0.92 14.67
U Th nx 16 2633 1464 0 0.071 0.556 6.98±0.18 23.58
U Th nx 16 2 4542 1276 0 0.101 0.281 6.96±0.25 14.50
U Th nx 19 6094 3076 7 0.282 0.505 6.98±0.14 12.51
U Th nx 19 2 6939 1703 33 0.219 0.245 6.97±0.21 8.93
IRMM Blk, BC02061
Measurement Sumtime 236U 235UH 238U cur Avg rate 236U/238U
[s] [cnts] [cnts] [mA s] [s−1] ·10−12
U Th nx 10 19500 481 50 0.412 0.025 8.15±0.37
U Th nx 11 20957 814 120 0.468 0.039 7.50±0.36
U Th nx 12 5892 56 1 0.043 0.010 7.17±1.54
U Th nx 14 9632 465 55 0.334 0.048 7.51±0.38
U Th nx 19 7022 192 6 0.155 0.027 7.88±0.68
U Th nx 19 2 6976 91 24 0.077 0.013 10.3±1.75
Table B.2.: The 236U/238U AMS data for the Vienna-KkU standard and the blank material.
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IRMM1, irradiated BC02061, 04/2010
Measurement Sumtime 236U 235UH 238U cur Avg rate 236U/238U 236U/238U blkcorr
[s] [cnts] [cnts] [mA s] [s−1] ·10−11 ·10−11
U Th nx 10 14475 1484 71 0.352 0.103 2.93±0.08 2.12±0.09
U Th nx 11 17347 2792 168 0.411 0.161 2.95±0.08 2.20±0.09
U Th nx 12 5974 205 6 0.034 0.034 3.29±0.74 2.57±0.75
U Th nx 14 3511 543 38 0.109 0.155 2.69±0.12 1.94±0.12
U Th nx 19 8740 913 11 0.200 0.104 2.92±0.97 2.13±0.12
U Th nx 19 2 8746 377 51 0.112 0.043 3.02±0.16 1.99±0.23
IRMM3, irradiated BC02061, 04/2010
Measurement Sumtime 236U 235UH 238U cur Avg rate 236U/238U 236U/238U blkcorr
[s] [cnts] [cnts] [mA s] [s−1] ·10−11 ·10−11
U Th nx 10 9475 2662 35 0.264 0.281 7.02±0.14 6.21±0.14
U Th nx 11 17987 9334 229 0.579 0.519 6.98±0.30 6.23±0.30
U Th nx 12 3633 396 7 0.033 0.109 6.82±0.72 6.10±0.73
U Th nx 14 4389 1372 42 0.101 0.313 7.33±0.20 6.58±0.20
U Th nx 19 8756 4044 20 0.375 0.462 6.89±0.16 6.10±0.17
U Th nx 19 2 8534 1439 64 0.178 0.169 7.24±0.35 6.21±0.39
Table B.3.: Data for the BC02061 samples irradiated in April 2010 at IRMM.
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IRMM111, irradiated BC02061, 01/2011
Measurement Sumtime 236U 235UH 238U cur Avg rate 236U/238U 236U/238U blkcorr
[s] [cnts] [cnts] [mA s] [s−1] ·10−12 ·10−12
U Th nx 14 10500 488 107 0.310 0.047 8.51±0.39 1.0±0.5
U Th nx 19 10533 705 14 0.516 0.067 8.64±0.70 0.8±1.0
U Th nx 19 2 11318 321 97 0.269 0.028 10.6±0.65 0.4±1.9
IRMM112, irradiated Vienna-KkU, 01/2011
Measurement Sumtime 236U 235UH 238U cur Avg rate 236U/238U 236U/238U blkcorr
[s] [cnts] [cnts] [mA s] [s−1] ·10−11 ·10−12
U Th nx 14 8733 4452 136 0.324 0.510 7.44±0.11 4.6±1.4
U Th nx 16 2633 646 0 0.031 0.245 7.19±0.28 2.1±3.4
U Th nx 16 2 3470 702 9 0.055 0.202 7.09±0.29 1.3±3.8
U Th nx 19 9187 6499 29 0.628 0.707 6.61±0.26 -(3.7±3.0)
U Th nx 19 2 10339 2113 54 0.267 0.204 7.09±0.15 1.2±2.6
Table B.4.: Data for the samples irradiated in January 2011 in Geel.
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B.1.3. 235U(n,3n)233U
IRMM Blk, BC02061
Measurement Sumtime 233U Low PH 238U cur 233U/238U Upper Lower
[s] [cnts] [cnts] [mA s] ·10−14 ·10−14 ·10−14
U Th nx 10 8500 0 301 0.164 0 5.5 0
U Th nx 11 20940 1 25553 0.509 0.9 2.4 0.3
Table B.5.: The 233U data of the two measurements performed of the unirradiated material ‘IRMM Blk’. ‘Low PH’ are
counts detected, where the particles had less energy than expected for 5+-ions, this can be particles with
lower mass and charge.
IRMM1, irradiated BC02061, 04/2010
Meas. Sum- 233U Low 238U cur 233U/238U Upper Lower 233U/238U blkcorr Upper Lower
time [s] [cnts] PH [mA s] ·10−13 ·10−13 ·10−13 ·10−13 ·10−13 ·10−13
U Th nx 10 7000 7 286 0.185 2.64 3.89 1.60 2.64 4.00 1.60
U Th nx 11 17323 16 15100 0.408 1.71 2.22 1.32 1.62 2.16 1.23
IRMM3, irradiated BC02061, 04/2010
Meas. Sum- 233U Low 238U cur 233U/238U Upper Lower 233U/238U blkcorr Upper Lower
time [s] [cnts] PH [mA s] ·10−13 ·10−13 ·10−13 ·10−13 ·10−13 ·10−13
U Th nx 10 5000 1 247 0.105 0.67 1.84 0.25 0.67 1.96 0.25
U Th nx 11 17926 25 15841 0.596 1.83 2.19 1.46 1.74 2.14 1.37
Table B.6.: 233U data for the samples irradiated in April 2010 at IRMM.
78
B
.1.
M
easu
rem
en
t
d
ata
B.1.4. 232Th(n,γ)233Th
Mean 238U5+ currents are listed in table 5.9.
U1, blk without spike
Measurement Sumtime 233U 238U cur
[s] [cnts] [nA s]
U Th nx 13 2693 0 3.45
U Th nx 14 2633 3 7.03
U2, U fraction of 15.14 mg unirr. Merck Th
Measurement Sumtime 233U 238U cur 233U/238U Upper Lower 233Th/232Th Upper Lower
[s] [cnts] [nA s] ·10−9 ·10−9 ·10−9 ·10−15 ·10−15 ·10−15
U Th nx 13 2696 0 3.54 0 2 0 0 8 0
U Th nx 14 3511 2 8.70 1 3 0 5 10 2
U3, U fraction of 13.54 mg unirr. Merck 12373
Measurement Sumtime 233U 238U cur 233U/238U Upper Lower 233Th/232Th Upper Lower
[s] [cnts] [nA s] ·10−9 ·10−9 ·10−9 ·10−15 ·10−15 ·10−15
U Th nx 13 2696 0 3.67 0 2 0 0 9 0
U Th nx 14 3511 2 8.93 1 3 0 5 11 2
Table B.7.: Data of the unirradiated material of the first chemistry.
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34U, blk without spike
Measurement Sumtime 233U Sumtime 234U
233U [s] [cnts] 234U [s] [cnts]
U Th nx 16 878 0 293 1637
U Th nx 16 2 1755 0 585 2553
U Th nx 18 1194 0 114 60
23U, U fraction of 29.16 mg unirr. Merck 12373
Measurement Sumtime 233U Sumtime 234U 233U/238U Upper Lower 233Th/232Th Upper Lower
233U [s] [cnts] 234U [s] [cnts] ·10−8 ·10−8 ·10−8 ·10−14 ·10−14 ·10−14
U Th nx 16 878 1 293 2126 0.9 2.3 0.3 1.7 4.8 0.7
U Th nx 16 2 2624 4 869 4824 1.5 2.5 0.9 3.1 5.2 1.8
U Th nx 18 1493 0 143 252 0 2.6 0 0 5.4 0
Table B.8.: Data for the unirradiated material produced in a second sample preparation campaign..
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U4, U fraction of 18.77 mg Th2, 04/2010
Meas. Sumtime 233U 238U cur 233U/238U Upper Lower 233Th/232Th Upper Lower 233Th/232Th blkcorr Upper Lower
[s] [cnts] [nA s] ·10−7 ·10−7 ·10−7 ·10−13 ·10−13 ·10−13 ·10−13 ·10−13 ·10−13
nx 14 3511 87 8.307 0.54 0.60 0.48 1.73 1.92 1.54 1.68 1.87 1.49
U5, U fraction of 21.21 mg Th4, 04/2010
Meas. Sumtime 233U 238U cur 233U/238U Upper Lower 233Th/232Th Upper Lower 233Th/232Th blkcorr Upper Lower
[s] [cnts] [nA s] ·10−7 ·10−7 ·10−7 ·10−13 ·10−13 ·10−13 ·10−13 ·10−13 ·10−13
nx 13 2692 171 6.409 1.46 1.58 1.35 1.38 1.49 1.28 1.38 1.50 1.28
nx 14 2633 212 9.474 1.16 1.23 1.08 1.09 1.17 1.02 1.04 1.13 0.96
Table B.9.: Data of the ‘Merck 12373’ irradiated in April 2010. The chemistry of ‘Th2’ was done in August 2010.
27U, U fraction of 7.85 mg Th4, 04/2010
Meas. Sumtime 233U Sumtime 234U 233U/238U Upper Lower 233Th/232Th Upper Lower 233Th/232Th bc Upper Lower
233U [s] [cnts] 234U [s] [cnts] ·10−7 ·10−7 ·10−7 ·10−13 ·10−13 ·10−13 ·10−13 ·10−13 ·10−13
nx 16 878 10 293 2639 0.67 0.92 0.45 5.34 7.37 3.62 5.16 7.22 3.44
nx 16 2 2624 16 878 6852 0.41 0.54 0.32 3.30 4.29 2.54 3.00 4.01 2.23
nx 18 1493 18 143 634 1.43 1.82 1.09 11.5 14.6 8.75 11.5 14.6 8.75
Table B.10.: 233Th data for the material ‘Merck 12373’ irradiated in April 2010. The chemistry of ‘Th4’ was done in
August 2010 and March 2011. 233Th/232Th bc is the blank corrected value of the isotope ratio.
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21U, U fraction of 22.28 mg Th1, 01/2011
Meas. Sumtime 233U Sumtime 234U 233U/238U Upper Lower 233Th/232Th Upper Lower 233Th/232Th bc Upper Lower
233U [s] [cnts] 234U [s] [cnts] ·10−7 ·10−7 ·10−7 ·10−14 ·10−14 ·10−14 ·10−14 ·10−14 ·10−14
nx 16 878 7 293 7794 0.16 0.23 0.10 4.4 6.4 2.7 2.6 6.3 5.8
nx 16 2 2633 7 878 10555 0.12 0.17 0.07 3.2 4.7 2.0 0.2 2.8 0
nx 18 1493 4 143 464 0.44 0.74 0.25 12 20 7.0 12 22 7.0
25, U fraction of 29.16 Th3, 01/2011
Meas. Sumtime 233U Sumtime 234U 233U/238U Upper Lower 233Th/232Th Upper Lower 233Th/232Th bc Upper Lower
233U [s] [cnts] 234U [s] [cnts] ·10−7 ·10−7 ·10−7 ·10−14 ·10−14 ·10−14 ·10−14 ·10−14 ·10−14
nx 16 878 5 293 787 1.12 1.75 0.61 23 36 13 21 34 11
nx 16 2 2612 3 878 2458 0.22 0.38 0.08 4.4 7.8 1.6 1.4 5.4 0
nx 18 1493 3 143 187 0.81 1.43 0.29 17 29 6.0 17 30 6.0
Table B.11.: The data of the irradiated samples, the chemical treatment was performed in March 2011. 233Th/232Th bc
is the blank corrected value of the isotope ratio.
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B.1.5. 232Th(n,2n)231Th
29Pa, Pa blk with 233Pa spike
Measurement Sumtime 231Pa Sumtime 233Pa 231Pa/233Pa Upper Lower
231Pa [s] [cnts] 233Pa [s] [cnts]
U Th nx 15 117 0 117 22 0 0.135 0
U Th nx 16 117 0 117 38 0 0.098 0
U Th nx 16 2 9002 9 1170 273 0.010 0.004 0.003
33Pa, blk without 233Pa spike
Measurement Sumtime 231Pa Sumtime 233Pa
231Pa [s] [cnts] 233Pa [s] [cnts]
U Th nx 15 117 0 117 0
U Th nx 16 117 0 117 1
U Th nx 16 2 8981 0 1170 0
22Pa, Pa fraction of 66.71 mg unirr. Merck 12373
Measurement Sumtime 231Pa Sumtime 233Pa 231Pa/232Pa Upper Lower 231Th/232Th Upper Lower
231Pa [s] [cnts] 233Pa [s] [cnts] ·10−12 ·10−12 ·10−12
U Th nx 15 117 3 117 11 0.63 1.11 0.23 15 27 5.6
U Th nx 16 117 6 117 58 0.30 0.46 0.19 7.3 11 0
U Th nx 16 2 9569 33 1287 183 0.06 0.07 0.05 1.4 1.7 1.4
Table B.12.: Data of blank material. The 231Pa/233Pa ratio is given for the time of the Pa spiking.
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20Pa, Pa fraction of 41.97 mg Th1, 01/2011
Meas. Sumtime 231Pa Sumtime 233Pa 231Pa/233Pa Upper Lower 231Th/232Th Upper Lower 231Th/232Th blkcorr
231Pa [s] [cnts] 233Pa [s] [cnts] ·10−12 ·10−12 ·10−12 ·10−12
nx 15 117 2 117 37 0.13 0.27 0.05 4.8 10 1.8 -(10.4±12.9)
nx 16 117 1 117 100 0.03 0.08 0.01 1.1 3.1 0.4 -(6.18±4.45)
nx 16 2 9588 82 1287 499 0.05 0.06 0.05 2.1 2.3 1.8 0.64±0.34
24Pa, Pa fraction of 77.88 mg Th3, 01/2011
Meas. Sumtime 231Pa Sumtime 233Pa 231Pa/233Pa Upper Lower 231Th/232Th Upper Lower 231Th/232Th blkcorr
231Pa [s] [cnts] 233Pa [s] [cnts] ·10−12 ·10−12 ·10−12 ·10−12
nx 15 117 1 117 9 0.26 0.70 0.10 5.31 14.6 1.96 -(9.96±14.9)
nx 16 117 1 117 26 0.11 0.31 0.04 2.32 6.39 0.86 -(4.98±5.70)
nx 16 2 9987 143 1287 271 0.16 0.18 0.14 3.40 3.69 3.12 1.97±0.38
28Pa, Pa fraction of 31.61 mg Th4, 04/2010
Meas. Sumtime 231Pa Sumtime 233Pa 231Pa/233Pa Upper Lower 231Th/232Th Upper Lower 231Th/232Th blkcorr
231Pa [s] [cnts] 233Pa [s] [cnts] ·10−11 ·10−11 ·10−11 ·10−11
nx 15 117 12 117 55 0.50 0.68 0.37 2.55 3.46 1.88 1.02±1.48
nx 16 117 17 117 104 0.47 0.61 0.36 2.43 3.12 1.83 1.70±0.80
nx 16 2 9011 308 1170 313 0.31 0.33 0.29 1.61 1.70 1.52 1.47±0.10
Table B.13.: 231Th data of the sample material. Chemical treatment was performed in March 2011. The 231Pa/233Pa
ratio is given for the time of the Pa spiking.
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40Pa, Pa Std, 231Pa/233Panom. = 1.24
Measurement Sumtime 231Pa Sumtime 233Pa 231Pa/233Pa Upper Lower
231Pa [s] [cnts] 233Pa [s] [cnts]
U Th nx 15 117 15 117 38 0.91 1.17 0.69
U Th nx 16 117 13 117 37 1.01 1.35 0.72
U Th nx 16 2 9011 237 1170 94 0.80 0.85 0.74
41Pa, Pa Std, 231Pa/233Panom. = 1.22
Measurement Sumtime 231Pa Sumtime 233Pa 231Pa/233Pa Upper Lower
231Pa [s] [cnts] 233Pa [s] [cnts]
U Th nx 15 117 8 117 15 1.23 1.74 0.81
U Th nx 16 109 10 117 23 1.35 1.86 0.92
U Th nx 16 2 9011 851 1170 238 1.12 1.15 1.08
42Pa, Pa Std, 231Pa/233Panom. = 1.21
Measurement Sumtime 231Pa Sumtime 233Pa 231Pa/233Pa Upper Lower
231Pa [s] [cnts] 233Pa [s] [cnts]
U Th nx 15 117 10 117 12 1.92 2.65 1.30
U Th nx 16 117 6 117 16 1.08 1.67 0.69
U Th nx 16 2 9011 680 1170 174 1.22 1.26 1.17
43Pa, Pa Std, 231Pa/233Panom. = 1.12
Measurement Sumtime 231Pa Sumtime 233Pa 231Pa/233Pa Upper Lower
231Pa [s] [cnts] 233Pa [s] [cnts]
U Th nx 15 117 2 117 6 0.77 1.63 0.28
U Th nx 16 117 6 117 13 1.33 2.06 0.85
U Th nx 16 2 8994 348 1170 90 1.19 1.26 1.13
Table B.14.: Data of the Pa reference material. Production at Heidelberg in March 2011. The 231Pa/233Pa ratio is given
for the time of the Pa spiking. The particle transmission at the high-energy side for the measurements
were: U Th nx 15 12.94%; U Th nx 16 7.71%; U Th nx 16 2 8.85%.
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B.1.6. 232Th(n,3n)230Th
U Th nx 11
Material Comment Sumtime 230Th 232Th cur Avg rate 230Th/232Th
[s] [cnts] [µA s] [s−1] ·10−7
Merck Th Blk 1800 1543110 12.07 857.3 5.57±0.09
Th2 irr. Merck blk, 04/2010 2144 2178514 18.04 1016 5.25±0.15
Th4 irr. Merck blk, 04/2010 1854 1837692 15.59 991.2 5.12±0.17
Table B.15.: The measurement U Th nx 11 shows that the 230Th-value in the blank material ‘Merck Th’ is indistin-
guishable from the irradiated materials.
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B.1.7. 232Th(n,4n)229Th and 232Th(n,α)229Ra
Merck 12373, blk
Measurement Sumtime 229Th 232Th cur 229Th/232Th Upper Lower
[s] [cnts] [mA s] ·10−13 ·10−13 ·10−13
U Th nx 10 1000 0 0.006 0 16.4 0
U Th nx 11 10764 0 0.071 0 0.79 0
U Th nx 12 4714 0 0.011 0 7.05 0
U Th nx 12 2 17133 0 0.026 0 6.67 0
U Th nx 13 3581 0 0.014 0 5.65 0
U Th nx 13 2 20191 0 0.120 0 0.33 0
U Th nx 17 11694 0 0.025 0 2.16 0
23Th, Th fraction of 29.16 mg unirr. Merck 12373
Measurement Sumtime 229Th 232Th cur 229Th/232Th Upper Lower
[s] [cnts] [mA s] ·10−13 ·10−13 ·10−13
U Th nx 17 9338 1 0.093 0.55 1.50 0.20
Table B.16.: Data of unirradiated material: On ‘Merck 12373’ no chemistry was performed. The chemical treatment
of ‘23Th’ was performed in March 2011. The chemistry of the unirradiated material was performed in an
analog way to the samples.
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Th2 c, Th fraction of 15.14 mg unirr. Merck 12373
Measurement Sumtime 229Th 232Th cur 229Th/232Th Upper Lower
[s] [cnts] [mA s] ·10−13 ·10−13 ·10−13
U Th nx 13 890 0 0.005 0 14.3 0
U Th nx 13 2 12925 2 0.163 0.61 1.30 0.23
Th3 c, Th fraction of 13.54 mg unirr. Merck 12373
Measurement Sumtime 229Th 232Th cur 229Th/232Th Upper Lower
[s] [cnts] [mA s] ·10−13 ·10−13 ·10−13
U Th nx 13 889 0 0.007 0 11.7 0
U Th nx 13 2 12965 0 0.168 0 0.38 0
Table B.17.: Data of unirradiated material: The chemistry of ‘Th2 c’ and ‘Th3 c’ was done in August 2010. The
chemistry of the unirradiated material was performed in an analog way to the samples.
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Th2, irr. Merck 12373, 04/2010
Measurement Sumtime 229Th 232Th cur 229Th/232Th Upper Lower 229Th/232Thblkcorr Upper Lower
[s] [cnts] [mA s] ·10−13 ·10−13 ·10−13 ·10−13 ·10−13 ·10−13
U Th nx 10 1028 0 0.006 0 14.1 0 0 21.6 0
U Th nx 11 13167 2 0.112 0.78 1.66 0.29 0.78 1.96 0.29
U Th nx 12 3421 0 0.008 0 10.0 0 0 12.3 0
U Th nx 12 2 12674 0 0.022 0 7.68 0 0 10.2 0
U Th nx 13 2608 0 0.005 0 14.0 0 0 16.8 0
U Th nx 13 2 36957 11 0.195 1.73 2.33 1.23 1.42 2.14 0.88
Th4 c, Th fraction of 18.77 mg Th2, 04/2010
Measurement Sumtime 229Th 232Th cur 229Th/232Th Upper Lower 229Th/232Thblkcorr Upper Lower
[s] [cnts] [mA s] ·10−13 ·10−13 ·10−13 ·10−13 ·10−13 ·10−13
U Th nx 13 1770 0 0.008 0 9.76 0 0 13.4 0
U Th nx 13 2 26240 1 0.371 0.13 0.37 0.05 -0.17 0.29 -0.38
Table B.18.: Data of the Th2 sample irradiated in April 2010 at IRMM.
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Th4, irr. Merck 12373, 04/2010
Measurement Sumtime 229Th 232Th cur 229Th/232Th Upper Lower 229Th/232Thblkcorr Upper Lower
[s] [cnts] [mA s] ·10−13 ·10−13 ·10−13 ·10−13 ·10−13 ·10−13
U Th nx 10 1000 0 0.007 0 13.1 0 0 21.0 0
U Th nx 11 11369 8 0.096 3.63 5.13 2.40 3.63 5.33 2.40
U Th nx 12 4656 0 0.007 0 11.2 0 0 13.2 0
U Th nx 12 2 15981 0 0.027 0 6.45 0 0 9.28 0
U Th nx 13 2627 0 0.007 0 11.6 0 0 14.8 0
U Th nx 13 2 34887 25 0.197 3.59 4.30 2.87 3.28 4.10 2.54
Th5 c, Th fraction of 21.21 mg Th4, 04/2010
Measurement Sumtime 229Th 232Th cur 229Th/232Th Upper Lower 229Th/232Thblkcorr Upper Lower
[s] [cnts] [mA s] ·10−13 ·10−13 ·10−13 ·10−13 ·10−13 ·10−13
U Th nx 13 1747 0 0.007 0 10.7 0 0 14.1 0
U Th nx 13 2 21399 25 0.340 4.09 4.91 3.27 3.78 4.69 2.94
27Th, Th fraction of 7.58 mg Th4, 04/2010
Measurement Sumtime 229Th 232Th cur 229Th/232Th Upper Lower 229Th/232Thblkcorr Upper Lower
[s] [cnts] [mA s] ·10−13 ·10−13 ·10−13 ·10−13 ·10−13 ·10−13
U Th nx 17 16367 24 0.328 4.59 5.52 3.65 4.04 5.38 3.04
Table B.19.: Data of the samples irradiated in April 2010 at IRMM.
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21Th, Th fraction of 22.28 mg Th1, 01/2011
Measurement Sumtime 229Th 232Th cur 229Th/232Th Upper Lower 229Th/232Th blkcorr Upper Lower
[s] [cnts] [mA s] ·10−13 ·10−13 ·10−13 ·10−13 ·10−13 ·10−13
U Th nx 17 9336 28 0.060 11.9 14.2 9.67 11.4 13.8 9.10
25Th, Th fraction of 30.24 mg Th3, 01/2011
Measurement Sumtime 229Th 232Th cur 229Th/232Th Upper Lower 229Th/232Th blkcorr Upper Lower
[s] [cnts] [mA s] ·10−13 ·10−13 ·10−13 ·10−13 ·10−13 ·10−13
U Th nx 17 9337 3 0.067 2.33 4.12 0.86 1.79 3.82 0.27
Table B.20.: Data of the samples Th1 and Th3 irradiated in January 2011 at IRMM.
30Th, Th fraction with spike
Measurement Sumtime 229Th 232Th cur
[s] [cnts] [nA s]
U Th nx 17 7014 0 21.0
34Th, Th fraction without spike
Measurement Sumtime 229Th 232Th cur
[s] [cnts] [nA s]
U Th nx 17 7022 0 18.6
Table B.21.: Data of the Th blank material, produced during the chemical treatment in March 2011.
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B.1.8. 228Th
Merck 12373, blk
Measurement Sumtime 228Th 232Th cur Avg rate 228Th/232Th Trans.
[s] [cnts] [mA s] [s−1] ·10−10 [%]
U Th nx 12 2 10433 182 0.018 0.017 1.32±0.16 6.05
U Th nx 13 3566 296 0.013 0.083 1.36±0.08 13.56
U Th nx 13 2 3264 916 0.019 0.281 1.35±0.10 28.36
U Th nx 17 1463 102 0.003 0.070 1.35±0.16 20.30
Table B.22.: 228Th was used as Th standard in several measurements.
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